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ABSTRACT
Experimental data were obtained for the average gas
convective and overall heat transfer coefficients for a
vertical tube immersed in a fluidized bed containing
four narrowly distributed particle size mixtures. Silica
sand of weight-mean diameters ranging from 0.237 to 1.350 mm
was used as the bed material. The static bed height was
maintained at about 21 cm. The gas convective heat transfer
coefficient was determined by measuring the amount of
naphthalene sublimated from a vertical naphthalene tube of
0.0262 m in diameter and using an analogy between heat and
mass transfer. The data were obtained at a bed temperature
of about 333 K and superficial gas velocities of 0.1 to 1.1
m/s. The overall heat transfer coefficient was measured by
placing a vertical heater ( D = 0.0262 m, L = 0.1012 m )
t h
in the fluidized bed of average temperature 333 K and having 
fluidizing velocity of 0.1 to 1.1 m/s. The experimental 
data were examined using existing correlations. The gas 
convective heat transfer coefficient calculated using the
correlation proposed by Xavier and Davidson (13) predicted 
the data within 25 percent. The overall heat transfer 
coefficients were compared with many existing correlations 
and models. The Martin (Z2) and Xavier and Davidson (13) 
models, and Wender and Cooper (^8) correlation
predicted the data within 35 percent. However, for maximum
xii
overall heat transfer coefficient all of the four
correlations (25 ,^ 3j3, £0, ^1) are found to be reliable
within 35 percent.
The gas convective and overall heat transfer
coefficients were also obtained for widely distributed
particle size mixtures. Two base particle sizes were
selected (d = 0.896 and 1.350 mm). Mixtures containing 5, 
P
10, and 23 percent by weight of fines (0.237 mm) were 
prepared using 0.896 mm particles, and 10 and 34 percent of 
0.545 mm sand were mixed with 1.350 mm particles. The 
average bed temperature was maintained at 333 K and the 
fluidizing velocity was varied from 0.45 to 0.95 m/s. The 
value of gas convective and overall heat transfer
coefficients from the data were compared with the existing 
correlations. The correlations proposed by Xavier and 
Davidson (JU3) and Baskakov and Suprun (21) were found to
predict the data well within 27 percent for the gas 
convective heat transfer. For the overall heat transfer 
coefficient, the Xavier and Davidson (^3) and Martin (22) 
model and Wender and Cooper (J3J3) correlation were
recommended to predict the data within 32 percent. However, 
for maximum heat transfer coefficient all of the four 
correlations (2 5 3_9, 40^ , _41) were good within 30 percent.
Finally, using the experimental data for narrowly and 
widely distributed particle size mixtures, the contribution 
of the gas convective heat transfer coefficient to the
xiii
overall heat transfer coefficient was determined. It was 
observed that this contribution becomes significant at high 
gas velocities and velocities close to minimum fluidization.
xiv
CHAPTER I
GENERAL INTRODUCTION
INTRODUCTION
Fluidization transforms fine solids into a fluidlike 
state through the contact of a fluid. This phenomenon 
occurs in a fluidized bed, which is shown schematically in 
Figure 1. In general a fluidized bed consists of a reactor 
vessel with an inlet and an outlet for the fluid and
a distributor plate positioned near the bottom of the 
reactor vessel. The distributor plate allows the fluid to 
flow upward while preventing the solid particles from
falling into the inlet area.
If the solid particles are stationary, which usually
happens at low gas flow rate, the process is called flow
through a porous medium. If the gas velocity is greatly
increased the particles in the bed will be entrained by the
gas and the process is called pneumatic conveying. Between
these two extremes there exists a state in which the
particles are just suspended in the flowing fluid. At this
stage the effective weight of particles is counterbalanced
by the drag force exerted on them by the fluid. This
1
condition is referred to as minimum fluidization (1).
1 Number in parentheses that are underlined refer to the 
references cited at the end of this report.
1
GAS OUT
Figure 1. Schematic Diagram of a Fluidized Bed.
3Increasing the flow of gas beyond minimum 
fluidization results in the formation of voids, commonly 
called bubbles, which carry the excess gas through the bed. 
Mixing of solids within the bed is mainly caused by these 
rising bubbles, and the high rate of heat transfer 
obtainable between the wall of the vessel and / or surfaces 
immersed in bed, and the bed itself, is largely the 
result of this solid mixing.
Because of higher bed heat transfer rates to immersed 
surfaces, temperature uniformity of the bed in all 
directions and good solid mixing within the bed, a 
fluidized bed is attractive for use in many industrial 
applications. For example, fluidized bed heat exchangers 
are more often preferred over the more conventional gas heat 
exchangers. Fluid bed heat exchangers find application in 
the utilization of high sulphur coal and low rank coal, 
waste heat recovery systems and the calcination of 
radioactive waste (_2) . Fluidized beds are also widely used 
to transport solids, for drying and sizing, mixing, 
coating, production of high octane gasoline by thermal 
cracking of petroleum feed stocks, carbonization and 
gasification of oil shale, coal and coke and in many other 
industrial applications.
The heat transfer rate between a tube and a gas - solid 
fluidized bed is influenced by a large number of variables 
such as particle size, particle size distribution, particle
4shape, particle and gas thermal properties, type of gas 
distributor, fluidization conditions, reactor geometry, 
radiative properties of the bed material, heat transfer 
surface and the fluidizing gas. Before presenting the 
correlations for predicting the heat transfer rate between 
a tube and a fluid bed, a brief review of theoretical models 
proposed to explain the mechanism of heat transfer in a
fluidized bed is given.
MECHANISM OF HEAT TRANSFER BETWEEN TUBES AND GAS
SOLID FLUID BEDS
It is generally accepted that both the particles and the
gas in a fluidized bed play important and distinct roles in
the mechanism of heat transfer in fluidized beds {3) .
Therefore, the overall heat transfer coefficient, h ,
w
can be taken approximately equal to three additive 
components (_4) :
h = h + h + h (1)
w wc wcv wr
The unsteady state conduction component, h , (also
wc
called the particle convective component ) represents the 
heat transfer by unsteady state conduction between the 
heat transfer surface and solid particles directly adjacent 
to it and subsequent convection of the heated particles to 
the bulk of the bed. For particle sizes between 40 to 800 
microns, the contribution of particle convection is 
dominant for nonpressurized systems and system temperatures
5below 870 K. The gas convective component, h ,
wcv
represents the augmentation of the heat transfer in the gas
gaps between the heat transfer surface and the particles
and between neighboring particles by convective mixing of
gas. Its contribution becomes increasingly important at
high operating pressures and for denser and large particles.
The radiative component of the heat transfer coefficient,
h , accounts for the transfer of heat by radiation and 
wr
becomes important only for bed temperatures above 870 K 
(_5) . The simple addition of these three components should be 
used with caution particularly when two or more components 
are of comparable magnitude.
PARTICLE CONVECTION
The physical models for the particle convective heat 
transfer coefficient are based on the concept of unsteady 
state heat transfer in a bed of particles. For vertical 
walls, they are essentially as follows :
The first model postulates that the principal resistance 
to heat transfer from a heater surface to a bed is due to a 
fluid film on the heater surface. A scouring action of the 
solid particles reduces the fluid film thickness and 
therefore film resistance to heat transfer decreases 
• However experimental results of various
investigators (10^ ,1_1) have shown that the absorption of heat 
rather than the reduction of gas film thickness by scouring
6is the main mechanism of heat removal from the surface in a 
fluid bed of small particles.
In second model, developed by Mickley and Fairbanks
(12), heat is absorbed by a "packet" of particles resting
close to the heater surface. Once the packet is heated, it
moves into the core of the bed and is replaced by a fresh
packet of particles. The effective properties and
compositon of a packet are assumed to be the same as those
of the bed at minimum fluidizing conditions. The main
feature of this model is shown in Figure 2. If a packet at
bulk bed temperature, T , comes in contact with a vertical
b
heating surface at constant temperature, T , for a short
w
time the local instantaneous heat transfer coefficient is 
given by :
0.5 0.5 -0.5
h = (1/pi) (k p Cp ) t (2)
wil emf emf emf
where k , p , Cp are effective thermal conductivity, 
emf emf emf
effective density and effective specific heat of the packet,
respectively. The local time averaged heat transfer
coefficient h is given by : 
wl
0.5 0.5
h = (1/pi) ( k p Cp )
wl emf emf emf
f  -0.5
J  t phi(t) dt (3)
o
where phi(t) denotes the frequency of occurence of a packet
7HEATED PACKET 
LEAVES TH E  SURFACE
U N STEAD Y STATE CONDUCTION 
INTO TH E  RACKET
PACKET A T T b
Figure 2. Schematic of Mickley Fairbanks Model (12)
8of age t. This model does not take into account the heat 
transfer between the surface and the gas when no packet is 
in contact with the surface.
Because Equations (2) and (3) do not model the 
fluidized bed to surface heat transfer but only particle 
packet to surface heat transfer, bubble contact time must be 
considered in order to calculate the average heat transfer 
coefficient.
Xavier and Davidson (13^ used an approach similar to
Baskakov et al. (1^ 4) and developed a correlation for h :
wc
-0.5
h =[1/((delta/k )+(4 k p Cp (U-U ) / (pi 1)) )
wc f emf emf s mf
(1 - E )] (4a)
b
where
(1-E ) = U / (U- U + U ) (4b)
b b mf b
0.5
U = ( U- U ) + 0.771 (g D ) (4c)
b mf be
and d /4 >delta > d /10 (4d)
P P
In Equation (4a), the film thickness, delta, is equal to
d /10 for a vertical tube and d /4 for a horizontal tube. 
P P
The characterstic length, 1, is equal to the smaller of the
vertical dimension of the tube and bubble length. The
effective bubble diameter, D , is calculated using the Mori
be
9and Wen correlation (15) :
(D - D ) / (D - D ) 
bm be bm bo
exp ( - 0.3 H / D ) 
b b
(5)
where
0.4
D
bm
0.652 (A (U - U )) 
b mf
( 6 )
and
0.4
D
bo
= 0.347 (A (U -U )/ n ) 
b mf d
(7)
In the third theoretical approach, heat transfer is 
modeled by unsteady state conduction from the heater surface 
to a single particle (3^ , 4^, 3^ 6) . Botterill et al. (1/7) and 
Gabor (lj}) , respectively, extended this model to the depth 
of two particles, and a particle chain of essentially 
unlimited length as shown in Figure 3. In this type of 
model, heat, as it is transferred to distinct particles, is 
analysized rather than treating the bulk of the bed as a 
homogeneous medium using average bed properties having an 
effective thermal conductivity. In this model the primary 
resistance to heat flow occurs in the gas phase while the 
solid phase absorbs heat. Gabor (1_8) introducd a gas gap of 
0.0075 d between the first row of particles and the wall
and a gap of 0.015 d between the particles. His model
using a chain of particles of unlimited length compared well 
with the data for both short and long particle residence 
times reported by several investigators (17,19,20). Also
P
P
10
M4ERSED
HEATER
SIN GLE PARTICLE M ODEL
TW O  PARTICLES MODEL
IMMERSED
H EA TER
Figure 3. Schematic of Particle Models
11
Gabor (JL8J model coincides with Mickley - Fairbank's 
model for long residence times.
Gabor (JJ3) simplified the chain of particles model by 
approximating the gas particle bed by a series of alternate 
gas and solid slabs as shown in Figure 4. This alternate 
slab model requires less computation time.
In all the above models the knowledge of particle 
residence time and its distribution is needed to predict 
heat transfer rates in fluidized beds.
If radiation, convection and internal resistance of the 
particle are neglected and the conduction path through the 
gas between the particle and the surface is 1/10 of the 
particle diameter, the particle thermal time constant is :
2
t = 1/15 ( p Cp d / k ) (8)
c s s p f
If the time constant is shorter than the packet
residence time at the wall, the packet renewal frequency
plays an important role in the process of heat transfer
between the wall and the bed. On the other hand, if the
time constant is larger than the packet residence time, the
particle temperature is assumed to be constant and the heat
transfer can be assumed to be steady state. For that
case, Glicksman and Decker (^ 1^ ) obtained an expression for
h for spherical particles in contact with a surface 
wc
when the contribution of the bubble phase is neglected.
0.05 dp -
/
/
/
IMMERSED / 
H EA T ,  
TR A N SFER  ' 
SU R FAC E'
*
/
/
/
2
o
(2/3) dp
SOLID
r 0.10 d,
cn 
<  
e> SO LID
Figure 4. Gabor's Alternate-Slab Model (18)
G
A
S
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h
wc
= 11. 2 (1 - delta) k /d 
f P
» (9)
The fourth model has been developed recently by
Martin (.22) and makes use of some basic ideas adopted from
the kinetic theory of gases. He developed the final
expression to calculate h
wc
-M
h d / k = Nu (1 - e) (1 - exp )/ C M (10a)
wc p f max k
where
3
M = 6 k  Nu / ( C p C p ( g d  ( e - e  )/(5 (1
f max k s s p mf
0.5
e ) (1 - e)) (10b)
mf
Nu = 4(((1 + 2 o/ d ) I n (1 + d /2 o )) - 1) (10c)
max p p
o = 2 q (2/ y - 1) (10d)
and C = 4 d / (U t) (lOe)
k P P
Except for the constant C , the Equations contain only
k
thermal and physical properties of the solid particles and 
of the gas, particle diameter, bed void fraction and void 
fraction at minimum fluidized condition. The constant C
k
was determined to be 3 from data for glass beads. Using 
this value in Equation (lOe), it is evident that the contact 
time of the particle is of the same order of magnitude as
14
the free flight time for a particle to travel a distance 
equal to the particle diameter. This model is found to 
predict the effects of particle diameter, temperature, 
pressure, physical properties of the fluidizing gas and the 
particle and the gas velocities on the heat transfer 
coefficient very well (2) .
CONVECTION
The contribution of the gas convective heat transfer 
coefficient to the overall heat transfer coefficient in a 
fluidized bed has been neglected by a majority of workers in 
this field. The reason is that the technique of 
fluidization has been mainly applied to small particle 
systems in which the velocity of the fluidizing gas is 
small. The overall heat transfer taking place is then 
almost entirely governed by particle convection and 
radiation (at elevated temperatures).
The gas convective component of the overall heat 
transfer coefficient is usually small, but becomes important 
under the following conditions :
1. High operating pressures
2. Dilute phase fluidization ( high gas velocities)
3. Large particle diameters
4. Gas velocities near minimum fluidization
5. Surface geometries that result in high voidage or 
stagnant particles.
15
A number of investigators have studied convective heat 
transfer in a fluidized bed. Although most of the 
correlations were developed using the dimensional approach 
to analyze heat transfer coefficient data, the mechanisms 
associated with the gas convective component are not well 
understood. The experimental difficulties in directly 
measuring this component accounts for the lack of a 
reliable correlation for this mode of heat transfer.
Gabor (2 3 ) proposed a model to predict heat transfer
rate from an immersed vertical surface to the bed for gas
flows rates less than or equal to that required for minimum
fluidization. The basis for the model is that all heat
transfer is normal to the immersed surface and that all the
heat is removed by gas flow. He defined the gas
convective heat transfer component by an effective
thermal conductivity for an orthorhombic array of
spherical particles. By considering the heat transfer
coefficient at the minimum fluidizing conditions, obtained
from the Gabor model, as a measure of the gas convective
component of the heat transfer coefficient, Xavier and
Davidson (1^ 3) proposed the following Equation to predict the
gas convective coefficient (h ) :
wcv
0.5
h (4 k p Cp 0 / (pi*L )) +k / D (ID
wcv emf f f h emf t
where the effective bed thermal conductivity , k ft
emf
fluidizing velocity U is given by :
16
k = k + 0 . 1 p  Cp d U (12)
emf e f f p
The effective thermal conductivity with no gas flow, k , in
e
Equation (12) is calculated from the Swift (24)correlation :
k = 0.9065 (2/(1/k -1/k )) (k / (k -k )) (ln((k /k ) -
e f s s s f  s f
1)))+0.0935 k (13)
f
Under quiescent fluidization conditions, where the
bubble induced particle convective component is nearly
absent, it has been assumed that the overall heat transfer
coefficient, h , consists primarily of the interface gas
w
convective heat transfer (h ). Botterill and Denloye
wcv
(25) correlated their data obtained from tests where 
the Archimedes number ranged from 1000 to 2,000,000 by :
0.5 0.39
(h d / k )= 0.863 Ar (14)
wcv p f
where Ar, the Archimedes number (or Galilio number Ga), is 
equal to :
3 2
Ar = g d P (p -p )/mu (15)
P f s f
However, the interphase gas convective component would
augmented to some extent by particle to surface heat
transfer by conduction through the gas because, with
17
larger particles, the time constant for heat transfer is of 
the order of packet residence time (26^ ) .
Baskakov and Suprun (2_7) performed some experiments on
mass transfer from naphthalene surfaces to packed and
fluidized beds, and by analogy between mass and heat
transfer, proposed the following correlation for the gas
convective component, h , for the gas velocities higher
wcv
than U (superficial gas velocity at which the maximum
opt
value of overall heat transfer coefficient occurs) :
0.46 0.33
h d /k = 0.0175 Ar Pr (16)
wcv p f
and for gas velocities where (U < U < U )
mf opt
0.46 0.33 0.3
h d /k = 0.0175 Ar Pr (U/U ) (17)
wcv p f opt
Their experimental results showed that the contribution
of h to the overall heat transfer coeficient increased
wcv
from 10 to 95 percent when the particle diameter increased 
from 0.16 to 4.0 mm.
The predictions resulting from Equations (16) and (17) 
are good for data at atmospheric pressure. Howvever, at 
higher operating static pressure the Baskakov and Suprun 
(27) model does not predict the data well (£).
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In a later publication, Baskakov et al. (2_8) obtained 
a slightly different expression for correlating the 
experimental data. Their best correlation was
h d /k = 
wcv p f
0.5 0.33
 0.009 Ar Pr (18)
Based on heat transfer studies done by Yagi and Kunii
(29) in packed beds, Glicksman and Decker (21) proposed the
following correlation to determine the gas convective heat
transfer coefficient h :
wcv
h d /k = 
wcv p f
 0.042 (1-delta) Re Pr (19)
P
where delta, the bubble fraction needed in the above
correlation is calculated using the following relation :
delta= 1.0 - (L /L ) (20) 
mf f
The value of ( L /L ) is obtained from the following
mf f
correlation proposed by Babu et al. (30).
0.783 1.006 0.376 -.937
L /L = 1+ (10.978 (U-U ) d p U
f mf mf p s mf
-.126
P
f
(21)
Zabrodsky et al. (J31J obtained a modified empirical
formula by subtracting the particle convection
contribution from the overall heat transfer coefficients 
observed in large particle experiments.
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0 . 2
h = 26.6 U Cp p d (22)
wcv f f p
In 1980, Catipovic et al. (3_2) proposed the
correlation for h for the large particles
wcv
following
(d > 1
P
mm ) .
0.46 0.33
h d /k = (1 - B ) (0.0175 Ar Pr )+
wcv p f
0.5 0.33
(0.88 Re + 0.0042 Re ) Pr
tmf tmf
B d /D 
P t
(23)
The first term represents the gas convective heat 
transfer for the emulsion phase and is calculated using 
the Baskakov and Suprun correlation (2_7) • The second term 
gives the gas convective heat transfer for the bubble phase. 
The value for B, the time fraction the tube in a bundle is 
bathed by bubbles, is given by :
(1 - B) = 0.45 + 0.061/( (U - U )+0.125) (24)
mf
In the Catipovic et al. (_32) correlation all the necessary 
properties of the fluidizing gas are to be evaluated at the 
bed temperature.
Adams and Welty (33^ ) developed a theoretical model to
calculate the instantaneous bubble and emulsion phase gas
convective heat transfer to a horizontal tube immersed in a
fluidized bed. Because this model is too cumbersome to use
for prediction purposes, Adams (33) developed an
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approximate model for emulsion phase gas convective heat 
transfer. According to this model, the Nusselt number 
varies linearly with Reynolds number.
Recently Ganzha et al. proposed the following
correlation to estimate Nu for vertical tubes :
wcv
0.8 0.43 0.133 -0.8
Nu = 0.12 Re Pr (1 - e ) e CT(25a)
wcv p w w
where
-0.5
e = e + 1.6 5 ( ( Re - Re ) Ar 
w wmf p pmf
2
exp( - a Ar/ (Re - Re ) ))
p pmf
a = 0.367 In (( e - e )/(l - e )
wmf mf mf
e = 1 - (1 -e )(0.7293 + 0.5139
wmf mf
a / d ) )
p t
) (1 - e ) (1 -
mf
(25b)
(25c)
(d /D ))/(l +
P t
(25d)
0.1 0.1
CT = (1 - e x p (-0.1 Ar (0.013/d )))/(l -exp(-0.1 Ar
P
D /d ))) (25e)
t  P
The correlation is derived by considering that a
turbulent boundary layer on the heat transfer surface is
continuously disturbed by the front half of the solid
particles, and forms again in the wake. Also, this
correlation considers that the dependence of Nu on 
wcv
Re
P
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in a fluidized bed is similar to that for turbulent gas flow 
over a flat plate.
RADIATION
The radiant contribution to the overall heat transfer is 
only significant at high temperatures. Some investigators 
have experimentally measured the radiation contribution at 
elevated temperatures in large particle systems. Vedamurthy 
and Shastri (_3j^ ) observed that the radiation component 
varied from 20 to 40 percent of the total heat transfer 
at bed temperatures of 750 to 1050 C. Basu (^) studied 
the effect of radiation on heat transfer to a 6.5 mm 
diameter copper tube located in a fluidized bed of coal and 
sand particles. He observed that the radiative contribution 
was of the order of 10 percent of the total heat 
transfer at temperatures of 800 to 900 C. Assuming that a 
well fluidized bed behaves as a black body, the radiation 
component of the heat transfer coefficient can be determined 
from the following analytical expression given by Zabrodsky 
(3) :
4 4
h = cr ( T T ) / ( 1/ e + 1/ e 1) (T -T )
b swr b s s bed
(26)
Here e and e 
s
are the heat transfer surface and bed
bed
emissivities, respectively, and cr is the Stefan Boltzman
constant The bed emissivity may be estimated from the
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expression given by Botterill (4J :
e = 0.5 (1 + e ) (27)
bed p
In the present investigation the radiation contribution 
is neglected because the experimental conditions are at low 
temperatures. Hence, the total or overall heat transfer 
coefficient is the sum of the particle and gas convective 
components.
LITERATURE SURVEY - OVERALL HEAT TRANSFER COEFFICIENT
For fluid beds of small particles, the overall heat 
transfer coefficient can be calculated with good reliability 
from the theoretical models if the particle residence times 
and the particle population near the immersed surfaces are 
known. However, information about particle residence
time is generally not known, and cannot usually be 
calculated for practical fluidization conditions. 
Therefore, empirical and semiempirical correlations are used 
to predict the heat transfer rate. The purpose of the
literature survey is to identify those empirical and
semiempirical correlations and the limiting experimental 
conditions for which they are derived. None of the 
correlations identified include the contribution by 
radiation.
The mechanism of heat transfer between boiler tubes and 
a fluidized bed is very complicated because of the many 
variables involved. The scope of research reported in this
23
thesis is narrowed to a consideration of a vertical boiler 
tube with air at atmospheric pressure and low temperature 
as the fluidizing gas.
Various investigations of tube- to- bed heat transfer
rate have been made with laboratory scale fluidized beds.
Correlations have been empirically developed based on 
observed data with limited attention to the mechanisms of
the heat transfer process. Therefore, the scope of these 
correlations are restricted to the data for the specific 
test conditions.
Vreedenberg (^7) proposed two correlations to predict 
the heat transfer coefficient between an axially located 
vertical tube and a fluid bed of small particles. One 
correlation was for small and light particles, where viscous 
forces on the particle are dominant and for which an analogy 
between a fluidized bed and a flowing fluid was assumed to 
exist. The second correlation was developed for large and 
heavy particles where inertial forces were assumed to be 
important.
For small and light particles ( G d p /(mu p ) < 2050,
p s f
the correlation was :
1/3 0.5 -16
2.7* 10 (Gh (D - D )/k (D /D ) 
w b t f t b
(k /mu Cp ) 
f s
3.4
(D - D ) p / (p mu) ) 
b t s f
(28)
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for values of G(D - D )p /mu p < 0.237 * 10 ,and
b t s f
1/3 1/2
h (D - D )/k (D - D ) (k / (Cp mu) = 2.2(G(D -
w b t f t b  f s  b
0.44
D )p )/ (mu p ) 
t s f
(29)
for G(D - D )p /p mu > 0.237 * 10 
b t s f
For large and heavier particles (G d p /p mu) >2550,
p s f
the following correlation was proposed :
h (D - D )/k (D d k / (D (D - D ) Cp mu))
w b  t f  t p f b b  t s
-3 +3/2 1/2 2
0.105* 10 (G(D - D )/(p d g ) )
b t f p
1/3
(30)
+3/2 1/2
for G(D - D )/p d g < 1070, and
b t f p
h (D - D )/k (D d k / (D (D -D ) Cp mu)) 
w b  t f t p f b b t  s
1/3
3/2 1/2 -0.1
= 240 (G(D -D )/(p d g ))
b t f p
(31)
+3/2 1/2
for G(D - D )/p d g > 1070
b t f p
For values of modified Reynolds group G d p / p mu
p s f
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between 2050 and 2550, it was recommended that an average
value predicted from Equations (28) to (31) be used to
predict h . The ranges of validity of the correlations are 
w
given in Table 1. All the properties of the fluidizing gas 
and the bed particles are at the bed temperature.
Wender and Cooper (_38) correlated experimental data 
obtained from various investigators using the following 
Equation :
0.43 0.23
Nu = 0.000351 Cr(l - e)(Cp p /k ) (G d /mu)
wp f f f p
0.8 0.66
(Cp /Cp ) (p /p ) (32)
s f s f
All the groups in the Equation (32) except (Cp p /k )are
f f f
dimensionless. The factor Cr accounts for the effect of
non- axial tube location. The value of Cr is 1, 1.76 and
1.57 when dimensionless radial position, 2 R /D , of
b b
the vertical tube is 0, 0.35, and 0.71 respectively. This
correlation predicted the experimental data with a mean 
deviation of ± 1 9 . 5  percent. Table 2 lists the range of 
variables over which the correlation applies.
Glicksman and Decker (21.) proposed the following
dimensionless correlation to predict the average heat
transfer coefficient for tubes immersed in fluidized beds of
large particles( d > 1 mm ).
P
TABLE 1
RANGE OF VARIABLES OVER WHICH CORRELATIONS OF EQUATIONS (28) TO (31) ARE
APPLICABLE ( AFTER VREEDENBERG (37))
Variable Unit Fine and
Light Particles
Coarse and 
Heavy particles
G(D - D )p /p mu Dimensionless
b t s f
3/2 1/2
G(D - D )p d g Dimensionless
b t f p
2
Mass fluidization Velocity(G) kg/m s
Bed temperature (T )
b
K
Thermal conductivity of gas (k ) W/m K
f
3
Density of gas ( p ) kg/m
f
3
Density of particles (p ) kg/m
67000 to 3700000
0.005 to 0.62 
289 to 618
0.010 to 0.20
0.12 to 4.8
790 to 3900
s
Specific heat of particles (Cp ) kJ/kg K 0.675 tol.060
s
Prandtl number ( mu/Cp k ) Dimensionless 0.097 to 1.00
f f
230 to 76000
0.032 to 2.6 
273 to 534
0.010 to 2.1
0.08 to 4.8
1910 to 6950
0.470 to 0.97
0.039 to 0.98
to
cn
TABLE 1 (Continued)
Variable Unit Fine and Coarse and
Light Particles Heavy particles
Mean volume to surface 
particle diameter (d )
P
mm 0.038 to 0.178 0.040 to 0.9
Diameter of fluidized bed 
(D )
m 0.051 to 0.14 0.051 to 0.565
b
Outside diameter of vertical 
tube (D ) 
t
m 0.006 to 0.032 0.006 to 0.034
Ratio of diameter (D /D ) Dimensionless 4.4 to 16 4.4 to 20
b t
Equivalent diameter of 
annulus (D - D ) m 0.041 to 0.108 0.041 to 0.531
b t
Ratio of particle diameter 
to equivalent diameter of
anuulus(d / (D - D ) Dimensionless 0.0004 to 0.0043 0.0004 to 0.0103
p b t
Heated length of vertical 
tube
m 0.033 to 0.572 0.033 to 1.18
Static bed height ( H )
b
m 0.1 to 1 0.1 to 1.8
TABLE 1 (Continued)
Variable Unit Fine and Coarse and
Light Particles Heavy particles
Ratio of bed height to 
bed diameter
Dimensionless 1.0 to 13 0.7 to 14
Overall heat transfer 
coefficient (h )
2
W/m K 20 to 1060 25 to 1080
w
to
00
TABLE 2
RANGE OF VARIABLES OVER WHICH CORRELATION OF EQUATION
(AFTER WENDER AND COOPER (J38) )
(32) IS APPLICABLE
Variable Unit Range
Particle diameter, d
P
mm 0.041 - 0.878
Specific heat of particles, Cp
s
kJ/kg K 0.840 - 1.320
Density of particles, p
s
3
kg/m 785 - 2868
Particle fraction, 1 - e Dimensionless 0.550 - 0.603
Specific heat of gas, Cp
f
kJ/kg K 0.520 - 5.190
Density of gas, p
f
3
kg/m 0.176 - 7.77
Dynamic viscosity of gas, mu
2
N s /m 0.00105 - 0.00382
Thermal conductivity of gas, k
f
W/m K 0.0255 - 0.3600
Diameter of fluidized bed, D
b
m 0.073 - 1.930
TABLE 2 (continued)
Variable Unit Range
Length of heat transfer tube, L m 0.100 - 5.334
h
Bed height at incipient fluidization 
or height of a freshly settled bed, L m 0.253 - 8.108
mf
2
Heat transfer coefficient, h W/m K 57 - 1028
w
u>o
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Nu = (1 -delta)(9.42 + 0.042 Re Pr) (33)
wp p
All the properties of the fluidizing gas are to be 
evaluated at the film temperature. The bubble fraction, 
delta, is calculated using Equations (20) and (21).
Recently Ganzha et al. (^4) have proposed the following
semiempirical equation to predict the heat transfer
between a fluid bed of large particles (d > 1mm) and
P
an immersed tube :
0.667
Nu = 8.95 (1 - e ) + Nu
wp w wcv
where Nu is calculated using Equations (25a)-(25e). 
wcv
predictions are found to be in good agreement with the 
for large particles including data at high pressure {2)
(34)
The
data
The maximum heat transfer coefficient between a tube and
a fluidized bed of small particles ( d < 1 mm ) can be
P
estimated from the dimensionless correlation proposed by 
Zabrodsky et al. (39) :
0.213
Nu = 0.88 Ar (35)
wpmax
The predicted values of h from the Equation (35)
wmax
are, generally, within ± 20 percent of the data .
For large particles, Nu is calculated from the
wpmax
correlation proposed by Maskaev and Baskakov (£0J :
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0.32
Nu = 0.21 Ar (36)
wpmax
The correlation is applicable to the fluidized bed of
wide range of particles with d from 2 mm to 12.4 mm, p
P s
3 5
from 4000 - 11000 kg/ m , and Ar between 1.4 10 and 3
8
10 .
Based on a critical analysis of the dependence of
Nu on various system and operating parameters, Mathur
wpmax
et al. (4JJ proposed the following correlation to predict 
the maximum heat transfer coefficient for the particle 
convection dominated regime :
0.145 0.065
Nu = 2.09 (Ar Cp / Cp ) (d / D ) (37)
wpmax s f p t
The predicted values of h from the Equation (37)
wmax
are, generally, within + 25 percent of the data.
Botterill and Denloye (2_5) , proposed a correlation to
determine the maximum heat transfer coefficient when the
interface gas convective component is significant, i.e.,
Re > 1 2 . 5  and A r > 2 6 0 0  :
mf
0.15 0.39 0.5
h = 0.843 Ar k / d + 0.86 Ar k /d (38)
wmax f p f p
The first term of Equation (38) represents the maximum
particle convective transfer while the second term is for
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the gas convective heat transfer. Equation (38) predicted 
the maximum heat transfer coefficient value within ± 30
percent.
Xavier and Davidson (1J3) proposed that the heat transfer 
coefficient for a horizontal or vertical tube is given by :
h = h + h (39)
w wc wcv
where h and h are estimated by using Equations (4a) 
wc wcv
to (4d) and 11, respectively.
According to Martin (2/2) , the heat transfer coefficient 
between a tube and a fluidized bed of small and large 
particles is given by :
0.5 0.33
Nu = Nu + 0.009 Ar Pr (40)
wp wpc
The first term represents the contribution of particle 
convection and is calculated using Equations (10a)-(10e), 
while the second term represents the contribution due to gas 
convection and is taken from Baskakov et al. (28) .
PARTICLES OF WIDE SIZE DISTRIBUTION
All the correlations discussed so far for the overall 
heat transfer coefficient were developed in beds of narrow 
particle size range, i.e., with particle sizes between two 
standard sieve sizes. However, in practice a bed may be 
composed of a wide range of particle sizes. This section
briefly explains the work done with wide size distribution
34
gas fluidized beds.
Anewke (42) experimentally determined the heat transfer 
coefficient between a horizontal tube and a gas fluidized 
bed of widely distributed particle sizes. Experimentally 
determined total heat transfer coefficients were higher than 
the predicted values based on the calculated mean particle 
size. It was concluded that the particle size that would 
give the same results as the measured heat transfer 
coefficients is about 10 percent smaller than the calculated 
mean particle size.
A qualitative description of the effects on the heat 
transfer of beds with wide particle size distribution was 
given by Zabrodsky (3). According to him, small particles 
fill the interstitial void that would otherwise exist in a 
bed composed only of large particles. The effect is to 
reduce the effective gas film thickness that is associated 
with the mean particle size, resulting in a higher heat 
transfer coefficient.
Suarez (_43) measured the average total heat transfer 
coefficients for a horizontal cylinder submerged in a gas 
fluidized bed containing glass particles of mixed size. The 
results indicated that the total heat transfer depends more 
on the particle size distribution than on the average 
particle size, and the data were correlated with the
following expression :
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Nu = 58(1 -e) 
w
3/2 1/2
(p Cp D g
s s t
The predicted
generally, within
0
(G D p / p mu) 
t s f
0.23 0.3
/ k ) Pr
f
34 2 3 2
(mu / d p g) 
P s
values of h from the Equation (41) 
w
± 25 percent of the data.
0.34
(41)
are,
CHAPTER II
EXPERIMENTAL APPARATUS AND PROCEDURE
INTRODUCTION
In this chapter, an experimental set up for a study of 
the heat transfer between a vertical tube and a bed of 
particles with gas flowing upward is described. The main 
objective of the present study is to determine the gas 
convective component of heat transfer in a fluidized bed 
using a heat and mass transfer analogy ( Appendix A ). For 
this purpose, data on mass transfer between a vertical 
naphthalene sample tube and a fluidized bed of different 
particle sizes were gathered. In addition test results were 
obtained to determine the contribution of gas convective 
heat transfer to the overall heat transfer for different 
particle sizes. The study was extended to determine the 
effect of mixing of fines on the gas convective and overall 
heat transfer coefficients.
DESCRIPTION OF APPARATUS AND MATERIALS
The flow diagram of the apparatus used in the present 
study is shown in Figure 5 and is described below.
COLUMN
A cylinderical plexiglas column 42 inches in height 
was used. This column had inside and outside diameters of 
4 and 5 inches, respectively. Pressure taps at three
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different locations in the bed allowed pressure drop 
measurement across the bed. The column was insulated with 
polyurethene foam and aluminium foil to minimize the 
heat loss from the bed.
DISTRIBUTOR ASSEMBLY
A perforated distributor plate, made from a 0.0625 inch 
thick stainless steel plate, was used. The diameter of 
orifices in the plate was 0.0625 inch and 16 holes were 
arranged in order to assign the same amount of bed area to 
each hole. Because the diameter of particles used in the 
bed were smaller than 0.0625 inch, a porous cloth covering 
was placed over the top of the distributor plate. Below the 
distributor plate was a section of the assembly called the 
calming chamber, which made the air flow to the distributor 
plate as uniform as possible. To achieve uniform air flow, 
spherical particles 0.5 inch in diameter were squeezed in 
several layers into the calming section. This allowed large 
enough voids through which the air could pass without 
producing large pressure drops.
ROTAMETERS
Two rotameters were placed in parallel as shown in 
Figure 5. Gas flow rates at 288 K and atmospheric pressure 
ranging from 0.588 to 25 cubic feet/minute could be measured 
using these rotameters. Because the operating temperature 
and pressure within the rotameter were different from
0.5
atmospheric, correction factors of (530/T) and
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0.5
(P/Patm) were used when determing the actual gas flow
rates. Here P and T are the absolute pressure and 
temperature of air at the inlet to the rotameter and Patm 
is standard atmospheric pressure. The rotameters were fed 
from a 3/8 inch inside diameter neoprene hose. Fluctuation 
of rotameter floats was minimized by placing a control valve 
downstream of the rotameter as shown in the Figure 5, 
thereby improving the accuracy of readings.
DRYING UNITS
In order to avoid any moisture coming into 
the rotameter and the bed, two drying units ( model 15UFA-1) 
were placed in parallel between the compressor and the 
rotameters to dry the compressed air. Each unit could 
handle a volumetric flow rate of 18.5 scfm of air at 100 
psig. The drying cycle of each unit was 8 hours, and 
activated alumina was the adsorbent.
HEATER ASSEMBLY
Figure 6 is a schematic diagram of the heater assembly 
used. The heater element at the center of the fluidized bed 
was a 765 W heater when operated at 120 V. The resistance 
was 18.8 Ohms. The heater was 0.8 inch in diameter and 4 
inches long. The heater was inserted into the hole drilled 
in a 4 - inch long and 1 - inch outside diameter bronze 
bar, which served as the heat transfer surface. This 
cartridge heater was centrally positioned in the bronze bar. 
Three 24 gauge copper-constantan thermocouples were attached
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to the surface of the bronze tube as shown in Figure 6. 
The output of these thermocouples, along with four others 
placed in the bed to measure the bed temperature, was fed to 
an OMEGA type T thermocouple thermometer. This bronze tube 
was covered at both ends with plexiglas end pieces in order 
to minimize heat losses in the axial direction.
The heat transfer tube was centrally placed in a 
vertical position from the top of the column as shown in 
Figure 5, using a 1/2 inch diameter, 36 inch long 
stainless steel tube. The terminals of the heater and 
of the thermocouples were taken out through this tube 
in order to minimize the interferance with fluid flowing 
around the tube.
The power was applied to the heater through a regulated 
D.C. power supply (LAMDA ; 0 - 40 V , 0 -100 A ). Voltage 
and current of the power supplied to the heating element 
were measured precisely using two multimeters.
MASS TRANSFER PROBE ASSEMBLY
Figure 7 is a schematic diagram of the mass transfer 
probe assembly used in this study to determine the gas 
convective heat transfer coefficient. A 1 inch diameter and 
4 inches long naphthalene sample was cast on a 1/2 inch 
diameter and 7 inch long aluminium rod. Both ends of this 
sample were covered with stainless steel end pieces in order 
to allow sublimation of naphthalene from the cylinderical 
surface area of the sample only. This assembly was placed
42
Figure 7. Design Details of Mass Transfer 
Probe Assembly. All dimensions 
are in inches.
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co-axially with the bed using a 36 inch long and 1/2 inch 
outside diameter stainless steel tube. A copper -constantan 
thermocouple was placed on the naphthalene sample surface to 
measure the surface temperature.
FLUIDIZING MATERIALS
The fluidized particles used in the experiments were 
quartz sand and the fluidizing gas was air. The properties 
of these materials are given in Appendix B.
The mean particle size of the materials was determined 
by sieve analysis and calculated as :
<3 = 1 /  z ( x / d ) (42)
P i Pi
where x is the fraction by weight of particles with an 
i
average diameter d , the mean of two consecutive sieve
Pi
openings. The results of the sieve analyses are shown in 
Table 15 (Appendix C ) .
EXPERIMENTAL PROCEDURE 
MINIMUM FLUIDIZATION VELOCITY
The minimum fluidization velocity of each particle size 
was determined by the conventional method of plotting 
bed pressure drop against decreasing gas velocity. The 
height of the fixed bed was kept at about 8 inches in order 
to make sure that the sample was completely immersed in the 
bed during the heat or mass transfer experiments. Three 
pressure taps at 0.2, 7.25 and 34 inches from the
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distributor plate were used to measure the differential 
pressure drop across the bed. The differential pressure 
drop data gathered were also used to calculate void fraction 
of the bed.
HEAT TRANSFER EXPERIMENTS
The flow rates for each heat transfer run were set using 
the rotameters. The bed was heated to about 333 K for every 
run using hot air. Once the bed temperature attained 
steady state, the heater was energized and the bed was 
again allowed to come to a steady state. The time required 
for the heater temperature to reach steady state was very 
much a function of the gas velocity, especially under fixed 
bed conditions. Typical time intervals to reach steady 
state were 40 minutes for fixed bed conditions and about 25
minutes for fluidized beds. When steady state was attained, 
air flow rate, operating pressure, power input to the
heater, and bed and surface temperatures were measured. 
The power input to the heater, the rotameter readings, the 
inlet air temperature and pressure and the thermocouple 
readings were recorded at regular time intervals 
throughout an experimental run. Lower power input to the 
heaters was preferred to minimize the end heat losses.
The data gathered during the heat transfer studies for 
narrowly and widely distributed particle size mixtures are 
reported in Tables 16 and 17 ( Appendix F ).
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MASS TRANSFER EXPERIMENTS
The bed was heated for a given fluidizing velocity to 
about 333 K. Surface area of the mass transfer sample was 
measured using a vernier caliper. The sample was weighed 
and then was placed in the preheated bed. Flow rate, 
inlet temperature and pressure of air and surface 
temperature of the naphthalene sample were recorded at 
regular intervals. The time allowed for the mass transfer 
run varied from 50 minutes to 65 minutes for small and large 
particles, respectively. The sample was again weighed at 
the end of tha run to determine the weight loss of the 
sample during the run.
During a run, some of the time was taken for 
the sample to reach a temperature of 333 K. The weight loss 
during this unsteady - state part of the mass transfer 
experiment was determined separately and was eliminated 
when calculating the steady state weight loss.
The data gathered during the mass transfer studies on 
the gas convective mass and heat transfer coefficients are 
reported in Tables 18 and 19 (Appendix F ) .
CHAPTER III
RESULTS AND DISCUSSION
AVERAGE OVERALL HEAT TRANSFER COEFFICIENTS
NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
The measured average overall heat transfer coefficients
for a vertical tube immersed in a fluidized bed of narrowly
distributed particle size mixtures (d = 0.237, 0.545, 0.896
P
and 1.350 mm) are shown in Figure 8. The properties of 
the sand particles are listed in Table 3. The
calculation procedures are found in Appendix D. The error 
analysis in measuring the overall heat transfer coefficient 
is given in Appendix E. These heat transfer coefficients 
are presented in tabular form in Appendix F.
It is clear from Figure 8 that for a particular
particle size, at air flow rates below those required to
fluidize the bed, the heat transfer coefficient is
relatively low and increases with increasing gas velocity.
An increase in gas velocity above U results in an
mf
initial rapid rise in h , followed by a more gradual
w
increase until a maximum value of h is reached. This
w
maximum extends over a considerable range of U with some 
evidence of a slight decrease at the highest flow rate
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TABLE 3
PROPERTIES OF SAND USED FOR NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
EXPERIMENTS
d (*) 
P
P
s
k
s
Cp
s
U
mf
U
opt
e
mf
(mm )
3
(kg/m ) (W/m K) (J/kg K) (m/s) (m/s)
0.237 2650 1.9 840 0.044 0.116 0.356
0.545 2650 1.9 840 0.145 0.219 0.368
0.896 2650 1.9 840 0.482 0.595 0.396
1.350 2650 1.9 840 0.778 0.987 0.415
* Sieve Analysis is given in Appendix C
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¥ P A R T I C L E SIZE 1 .350 MM
X P A R T I C L E SIZE 0. 545 MM
Y P A R T I C L E SIZE 0. 237 MM
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Figure 8. Effect of Particle Size on Overall Heat Transfer 
Coefficient for Narrowly Distributed Particle 
Size Mixtures
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studied. In this work, four different particle sizes 
having narrow size distribution were used and, as can be 
seen from Figure 8, the results follow the general, 
previously observed trends for narrowly distributed particle 
size mixtures, i.e., the overall heat transfer coefficient 
increases with increasing gas velocity and decreases with 
increased particle size.
The minimum fluidization velocity and void fraction were
experimentally measured as shown in Figures 9 and 10,
respectively. The minimum fluidization velocity was
determined by plotting the pressure drop across the bed
against the gas velocites as shown in Figure 9. As would be
expected, U increased with increasing particle diameter, 
mf
The minimum fluidization velocity for 0.237 mm particle size 
was determined using the Wen and Yu (4_4) correlation, since 
it could not be measured because of experimental
limitations.
Figures 11 through 13 show a comparison of experimental
values of average overall heat transfer coefficient h withw
Baerg (^5) data. For well - fluidized beds, it can be 
concluded that there is reasonable agreement between the two 
studies.
COMPARISON WITH OTHER INVESTIGATORS
The results for narrowly distributed particle
size mixtures were compared with the average overall heat
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PLOT OF AP VS VELOCITY
+ P A R T I C L E SIZE 0. 896 MM
* P A R T I C L E SIZE 1 . 350 MM
X P A R T I C L E SIZE 0. 545 MM
Figure 9. Experimental Determination of U for Various
mf
Narrowly Distributed Particle Size Mixtures
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VOID FRACTION VS VELOCITY
+ P A R T I C L E SIZE 0. 545 MM
Y P A R T I C L E SIZE 0. 896 MM
* P A R T I C L E SIZE 0. 257 MM
X P A R T I C L E SIZE 1 . 550 MM
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Figure 10. Effect of Particle Size on Void Fraction for 
Narrowly Distributed Particle Size Mixtures
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OVERALL HEAT TRANSFER COEFFCIENT VS VELOCITY
X : BAERGES DATA FOR 0 . 2 1 7  MM SAND
Y : OUR DATA FOR 0 . 2 3 7  MM SAND
soo •
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Y Y
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Figure 11. Comparison of Experimental Values of Overall 
Heat Transfer Coefficient for Narrowly 
Distributed Particle Size Mixture with Baergs 
(45) Data
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OVERALL HEAT TRANSFER COEFFICIENT VS VELOCITY
+ : BAERGS DATA FOR 0.  5 0 3  MM SAND
* : OUR DATA FOR 0 . 5 4 5  MM SAND
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Figure 12. Comparison of Experimental Values of Overall 
Heat Transfer Coefficient for Narrowly 
Distributed Particle Size Mixture with Baergs 
(45) Data
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300 -
OVERALL HEAT TRANSFER COEFFICIENT VS VELOCITY
+ ' BAERGS DATA FOR 0. 877 MM SAND
* : OUR DAT A FOR 0 . 8 9 6  MM SAND
+
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Figure 13. Comparison of Experimental Values of Overall 
Heat Transfer Coefficient for Narrowly 
Distributed Particle Size Mixture with Baergs 
(45) Data
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transfer coefficient values predicted by the correlations 
and models proposed by other workers. Table 4 summarizes 
these correlations which are discussed in detail in Chapter 
I. Comparison of the experimental heat transfer 
coefficients with values predicted by various correlations 
and models is shown in Figures 14 through 16. The
experimental values of the overall heat transfer coefficient 
are listed in Table 5. In order to check the validity of
the existing correlations and models, the calculated h
w
from the predictive equations are included in Table 5.
The comparison between the predicted values of h from
w
the theoretical models of Xavier and Davidson (13) and
Martin (2_2) and the experimental values of h is shown in
w
Figure 14. All the properties of the fluidizing gas 
were evaluated at the bed temperature. In the Martin (22) 
model, the gas convective component was calculated using 
the Baskakov et al. (^8) correlation. The value of k
e
and D needed in the Xavier and Davidson model (13) were 
be
calculated following Swift (34) and Mori and Wen (1_5) , 
respectively. It can be seen from Figure 14 that the Xavier 
and Davidson (13) model generally overpredicts the present 
data within 30 percent. However, the Martin (22) model 
underpredicts the data by as much as 27 percent.
TABLE 4
CORRELATIONS AND THEORETICAL MODELS FOR THE PREDICTION OF THE AVERAGE 
OVERALL HEAT TRANSFER COEFFICIENT BETWEEN A FLUIDIZED BED AND AN IMMERSED
VERTICAL TUBE
Reference Correlations
Vreedenberg (37) For small and light particles( G d p /(mu p ) <2050
p s f
1/3 0.5
h (D - D )/k (D /D ) (k /mu Cp ) 
w b t f t b  f s
-16 3.4
= 2.7* 10 (G (D - D )p /(p mu)) )
b t s f
6
For G(D - D )p /mu p § 0.237 * 10 ,and
b t s f
1/3 1/2
h (D - D )/k (D - D ) (k / (Cp mu)
w b t f t b  f s
= 2.2(G(D - D )p )/(mu p )
b t s f
U1
<Ti
0.44
TABLE 4 (Continued)
Reference Correlations
6
for G(D - D )p /p mu > 0.237 * 10 
b t s f
For large and heavier particles(G d p /p mu) >2550
p s f
1/3
h (D - D )/k (D d k / (D (D - D )Cp mu)) 
w b  t f  t p f b b  t s
-3 +3/2 1/2 2
= 0.105* 10 (G(D - D )/(p d g ))
b t f P
+3/2 1/2
For G(D - D )/p d g < 1070, and
b t f p
1/3
h (D - D )/k (D d k /(D (D -D ) Cp mu)) 
w b  t f t p f b b t  s
3/2 1/2 -0.1
= 240 (G(D -D )/(p d g ))
b t f p
+3/2 1/2
when G(D - D )/p d g > 1 0 7 0
b t f p
cn
-j
TABLE 4 (Continued)
Reference
Wender and Cooper (38)
Correlations
0.43
Nu = 0.000351 C r (1 - e)(Cp p /k ) 
wp f f f
0.23 0.8 0.66
(G d /mu) (Cp /Cp ) (p /p )
p s f s f
Glicksman and 
Decker (21)
Zabrodsky et a l .(39)
Maskaev and 
Baskakov (40)
Nu = (1 -delta)(9.42 + 0.042 Re Pr)
wp p
0.213
Nu = 0.88 Ar
wp max
0.32
Nu = 0.21 Ar
wpmax
Mathur et a l .(41)
Botterill and 
Denloye(42)
0.15 0.39 0.5
hwmax = 0.843 Ar kf/ dp + 0.86 Ar kf/dp
0.15 0.39 0.5
h = 0.843 Ar k / d + 0.86 Ar k /d
wmax f p f p
TABLE 4 (Continued)
Reference 
Xavier and 
Davidson(13)
Correlations
Nu = Nu + Nu 
wp wcp wcvp
0.5
h = (4 k p Cp U/(pi*L )) +k 
wcv emf f f h emf
where k = k  + 0.1 p Cp d U 
emf e f f p
k = 0.9065(2/(1/k -1/k ))(k / (k -k ))(ln 
e f s s s f
1)))+0.0935 k
f
h =(l/(delta/k +(4 k p Cp (U-U 
wc f emf emf s mf
-0.5
) (1 - E ) 
b
1-E = U /(U- U +U )
b b mf b
0.5
U = ( U- U ) + 0.771 (g D ) 
b mf be
/ D
t
((k /k )- 
s f
) / (pi D )
TABLE 4 (continued)
Reference Correlations
and d /4 < delta < d /10
P P
(D - D )/ (D - D ) = exp
bin be bm bo b b
0.4
D = 0.652 (A (U - U )) 
bm b mf
0.4
D = 0.347 (A (U -U )/ n ) 
bo b mf d
0.5 0.33
Martin (22) Nu = Nu + 0.009 Ar Pr
wp wpc
-M
h d / k = N u  (1 — e) (1 — exp )/ C M 
wc p f max k
3
M = 6 k  Nu /( C p Cp (g d ( e - e ) / (5 (1
f max k s s p mf
0.5
e ) (1 - e))
f
Nu = 4( ((1 + 2 o/ d ) In(1 + d /2 o )) - 1)
P Pmax
TABLE 4 (Continued)
Reference Correlations
o = 2q (2/ y - 1)
and C = 3
k
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COMPARISON OF OVERALL HEAT TRANSFER COEFFICIENT
O: X A V I E R  AND D A V I D S O N  MOD E L  
* : M A R T I N  MODEL
Figure 14. Comparison of Experimental Values of h with
w
Calculated Values of h from the Other Models
w
for Narrowly Distributed Particle size Mixtures
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COMPARISON OF OVERALL HEAT TRANSFER COEFFICIENT 
+ : V R E E D E N B E R G  C O R R E L A T I O N  
* : WENDER AND COOPER C O R R E L A T I O N
q : GLICKSMAN AND DECKER CORRELATION
Figure 15. Comparison of Experimental Values of h with
w
Calculated Values of h from the Other
w
Correlations for Narrowly Distributed Particle
Size Mixtures
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COMPARISON OF MAXIMUM OVERALL HEAT TRANSFER COEFFICIENT 
+ : Z A B R O D S K Y  ET A L . C O R R E L A T I O N  
* : MASKAEV AND BASKAKOV CORRELATION
Y : M A T H U R  ET A L . C O R R E L A T I O N
Q BOTTERILL AND DENLOYE CORRELATION
Figure 16. Comparison of Experimental Values of h with
wmax
the Calculated Values of h from the Various
wmax
Correlations for Narrowly Distributed Particle
Size Mixtures
TABLE 5
EXPERIMENTAL AND CALCULATED VALUES OF AVERAGE OVERALL HEAT TRANSFER 
COEFFICIENT FOR THE NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
Run d U
P
h
w
Calculated h
w
2
No. mm m/s W/m 1K (27) (38) (21) (39) (40) (41) (25) (13) (22)
1 0.237 0.108 419.0 175.8 338.6 — 462.2 — 495.4 311.6 461.5 311.8
2 0.532 386.9 373.1 303.7 - - - - - 457.3 308.4
3 0.750 379.5 359.2 271.5 - - - - - 456.4 309.2
4 0.896 383.7 352.8 248.6 - - - - - 457.2 311.0
5 0.667 373.2 365.3 290.5 - - - - - 456.8 308.6
6 0.391 388.3 383.4 322.7 - - - - - 457.9 309.1
7 0.309 400.0 391.0 332.0 - - - - - 446.3 312.3
8 0.233 414.8 401.0 338.6 — — — — 463.4 313.7
9 0.545 0.890 277.2 304.7 241.0 — — — — — 343.2 231.3
10 0.797 277.5 307.8 244.0 - - - - - 346.4 232.6
11 0.635 269.9 313.3 247.7 - - - - - 345.2 231.8
12 0.547 275.0 279.1 248.7 - - - - - 346.1 232.9
13 0.462 286.1 198.6 249.1 - - - - - 349.3 231.7
14 0.373 292.3 130.2 248.4 - - - - - 351.1 233.8
15 0.219 317.4 45.2 241.4 - 342.9 - 327.3 227.7 356.8 237.8
16 0.129 56.1 — — — — — —
17 0.896 0.707 245.3 89.3 197.5 — — — — — 302.6 193.0
18 0.880 243.5 138.9 196.8 - - - - 299.4 193.5
19 0.981 245.2 172.1 195.4 - - - - - 300.3 192.7
20 1.056 246.3 198.2 193.9 - - - - - 300.9 193.5
21 0.618 237.1 67.9 196.9 - - - - - 298.5 190.1
22
23
24
25
26
27
28
29
30
31
32
33
34
TABLE 5 (Continued)
u
m/s
h
w
2
W/m K (37)
Calculated h
w
(38) (21) (39) (40) (41) (25) (13) (22)
0.534 220.9 51.0 196.9 — — — — — 284.2 184.3
0.305 49.6 - - - - - - - - -
0.500 122.1 44.6 195.4 - - - - - 221.3 187.9
0.605 242.2 65.3 196.9 - 286.2 - 255.3 196.0 234.8 191.4
0.389 73.3 — — — — — —
0.916 171.9 — — 193.8 — — — — 175.1 134.2
0.804 133.5 - - 204.2 - - - - 165.3 129.5
0.986 183.6 - - 188.5 - 213.8 208.3 186.1 172.2 136.4
0.788 97.2 - - - - - - - - -
0.844 157.5 - - 197.9 - - - - 167.2 130.1
0.485 72.6 - - - - - - - - -
0.369 56.6 - - - - - - - - -
0.584 86.4 - - - - - - - - -
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The calculated value of h from the correlations of
w
Vreedenberg (3_7) , Wender and Cooper (28) and Glicksman and 
Decker (2_1) are compared with tha experimental values of h
w
in Figure 15. For the Vreedenberg (^2)and Wender and Cooper
(38) correlations, all the properties of the fluidizing gas
were evaluated at bed temperature. However, for the
Glicksman and Decker (2JJ correlation all the properties of
the fluidizing gas were evaluated at the arithmetic average
of the bed and the outside surface temperature of the
vertical heater tube. Because values of e and e were
mf
measured during the heat transfer experiments as reported in 
Table 16 in Appendix F and plotted in Figure 10, these 
values were used to calculate delta using following 
Equation :
(1 - delta) = (1 - e)/(1 - e ) (43)
mf
It can be seen from Figure 15 that the Vreedenberg (37)
correlation underpredicts the data by as much as 85 percent.
However, the Wender and Cooper (^8) correlation
underpredicts the h within 36 percent. The Wender and
w
Cooper (3_8) predicted the data well since the range of 
variables over which it is applicable ( Table 2), compared 
well with one used in the present study. It also can be 
seen from Figure 15 that the Glicksman and Decker (21) 
correlation overpredicted the data by as much as 52
68
percent.
The comparison between the h predicted from the
wmax
correlations of Zabrodsky et al. (^9), Maskaev and Baskakov
(40) , Mathur et al. (4_1) and Botterill and Denloye (25)
and the experimental values of h is shown in Figure
wmax
16. The properties of gas needed to calculate h using
wmax
Zabrodsky et al. (39) were evaluated at the arithmetic
average of the bed and the outside tube surface
temperatures. For the other three correlations, all the
properties of gas were evaluated at the bed temperature. It
is observed from Figure 16 that the Zabrodsky et al. (39)
correlation overpredicts the data by as much as 19 percent
and Maskaev and Baskakov (^0) overpredicts the h value
wmax
within 24 percent. Also it can be seen from Figure 16 that
the Mathur et al. model (^1) overpredicted the data by
28 percent and Botterill and Denloye (.25) underpredicted the
h value within 28 percent, 
wmax
The root- mean - square deviations of the calculated
values of h from the correlations in
w
references (23., 25^ 2Z'il§.'2J!.'iL2.'iL'L) an<  ^ the theoretical models 
in references (1J3,22^ , from the experimental values of h
w
are listed in Table 6.
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TABLE 6
ROOT-MEAN-SQUARE DEVIATION OF PREDICTED VALUES OF h FROM
W
THE VARIOUS CORRELATIONS AND THEORETICAL MODELS FROM THE
EXPERIMENTAL VALUES OF h FOR NARROWLY DISTRIBUTED
w
PARTICLE SIZE MIXTURES
Correlation RMS Deviation, Percent
Vreedenberg (37) 36.89
Wender and Cooper (38) 19.28
Glicksman and Decker (21) 30.14
Zabrodsky et al. (39) 15.82
Maskaev and Baskakov (40) 24.37
Mathur et al.(41) 11.61
Botterill and Denloye (42) 21.57
Xavier and Davidson (13) 20.18
Martin (44) 22.09
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These results indicate that among the existing
correlations and models, those proposed by Xavier and
Davidson (3^) , Martin (2_2) and Wender and Cooper (38)
predict the data quite well. However, for h all of the
max
four correlations (^5, 2[9, j40, JLl) predicts the data well.
WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
Table 7 shows the properties of five widely
distributed particle size mixtures used to study the effect 
of mixing fines on the overall heat transfer coefficient. 
Minimum fluidization velocity and void fraction for these 
five particles were experimentally measured as shown in 
Figures 17 through 20. It can be seen from Figure 17 and 18
that the minimum fluidizing velocity decreases on the
addition of fines, since the weight mean diameter of
particles decreases . The measured average overall heat
transfer coefficients are presented in Table 17 in Appendix 
F and are plotted in Figures 21 and 22.
It can be seen from Figure 21 that when 10 and 34 
percent by weight of fines were added to 1.350 mm base 
particle size, the overall heat transfer coefficient 
increased as expected. For a mixture of 34 percent by 
weight of 0.545 mm sand particles in 1.350 mm particles (d
P
= 0.896 mm), the overall heat transfer coefficient was
found to be almost the same as measured for a narrowly 
distributed particle size mixture with approximately the
TABLE 7
PROPERTIES OF SAND USED FOR WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES 
EXPERIMENTS
Mixture d p  k Cp U e 
p s s s mf mf
3
(mm ) (kg/m ) (W/m K) (J/kg K) (m/s)
10% of 0.545 mm 
and
90% of 1.350 mm
1.172 2650 1.9 840 0.781 0.377
34.3% of 0.545 mm 
and
65.7% of 1.350 mm
0.896 2650 1.9 840 0.730 0.358
5% of 0.237 mm 
and
95% of 0.896 mm
0.786 2650 1.9 840 0.464 0.406
10% of 0.237 mm 
and
90% of 0.896 mm
0.700 2650 1.9 840 0.460 0.401
23% of 0.237 mm 
and
77% of 0.896 mm
0.545 2650 1.9 840 0.435 0.392
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PLOT OF AP VS VELOCITY
* : 10% OF 0.545 MM IN 1.550 MM 
X : 5 4 %  OF 0.545 MM IN 1.550 MM
VELOCITY ( kl/s )
U 2 'XVX' 3
Figure 17. Experimental Determination of U for Various
mf
Widely Distributed Particle Size Mixtures
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PLOT OF AP VS VELOCITY
* : 5 %  OF 0.237 MM IN 0.896 MM
+ : 10% OF 0.237 MM IN 0.896 MM 
X : 2 3 %  OF 0.237 MM IN 0.896 MM
VELOCITY ( U/S )
« i H  i 2 yy/i
Figure 18. Experimental Determination of U for Various
mf
Widely Distributed Particle Size Mixtures
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VOID FRACTION VS VELOCITY
*
+
X : P A R T I C L E  SIZE 
Y : P A R T I C L E  SIZE 
10% OF 0.545 MM 
3 4 %  OF 0.545 MM
1 . 350 MM 
0. 896 MM 
IN 1.350 MM 
IN 1.350 MM
Figure 19. Effect of Particle Size on Void Fraction for
Widely Distributed Particle Size Mixtures
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VOID FRACTION VS VELOCITY
+ : P A R T I C L E  SIZE 0 . 5 4 5  MM
Y : P A R T I C L E SIZE 0 . 896 MM
* : 5% OF 0. 237 MM IN 0. 896 MM
X : 10% OF 0.237 MM IN 0. 896 MM
z : 23% OF 0.237 MM IN 0. 896 MM
VELOCITY ( g/s )
g ■♦■4-4- i YYY* 4o(oki XXX * ///  *
Figure 20. Effect of Particle Size on Void Fraction for
Widely Distributed Particle Size Mixtures
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OVERALL HEAT TRANSFER COEFFICIENT VS VELOCITY 
+ : P A R T I C L E  SIZE 0 . 8 9 6  MM 
* : P A R T I C L E  SIZ E  1.350 MM
X : 10% OF 0.545 MM IN 1.350 MM 
Y : 34% OF 0.545 MM IN 1.350 MM
40 -V . ... I . ... I ' 1 ' .*... I.....I......I......I ■ ■ ■ > ■ F
0.30 0.39 0.49 0. 58 0.68 0.77 0.87 0.96 1.06
VELOCITY ( U/S )
x n i l  jidok j y y y  j y y y *
Figure 21. Effect of Particle Size on Overall Heat Transfer
Coefficient for Widely Distributed Particle
Size Mixtures
OVERALL HEAT TRANSFER COEFFICIENT VS VELOCITY 
+ : P A R T I C L E  SIZE 0.896 MM 
* : 5% OF 0.237 MM IN 0.896 MM
Y : 10% OF 0.237 MM IN 0.896 MM 
Z : 23% OF 0.237 MM IN 0.896 MM 
X : P A R T I C L E  SIZE 0. 545 MM
VELOCITY ( U/S )
u I H  ' >lo|cki Y Y Y t ~7~7~7* V X V 5
Figure 22. Effect of Particle Size on Overall Heat Transfer
Coefficient for Widely Distributed Particle
Size Mixtures
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same weight - mean diameter (d = 0.896 mm).
P
From Figure 22, it can be seen that when 5 and 10
percent by weight of fines (0.237 mm) were mixed with 0.896
mm base particle size, no significant change in the value of
h was observed as compared with values of h measured for 
w w
a narrowly distributed particle size mixture having mean
particle size of 0.896 mm. However, when 23 percent of
0.237 mm were added to 0.896 mm base particle size sand, the
average value of overall heat transfer coefficient
increased. When compared with the fluidized bed with a
mixture of 23 percent by weight of 0.237 mm particle size
and 77 percent by weight of 0.896 mm particle size (d =
P
0.545 mm), the measured average heat transfer coefficient
was almost the same as that obtained for a narrowly
distributed particle size mixture having d = 0.545 mm.
P
It can be inferred from Figures 21 and 22 that for the 
conditions in the present study, adding fines to a bed 
containing mostly large particles generally increases the 
average overall heat transfer coefficient, and the value of 
the average overall heat transfer coefficient within the 
experimental error for a well - mixed fluidized bed 
(indicated by an arrow) depends upon the mean particle 
diameter of the mixture rather than on the particle size 
distribution. However, at low fluidizing velocities no
conclusion could be drawn because the fines segregated in
79
the bed.
COMPARISON WITH OTHER INVESTIGATORS
The experimental values of h measured for widely
w
distributed particle size mixtures were compared with the
correlations and models proposed by other workers and shown
in Table 4 and discussed in detail in Chapter I.
Comparisons of experimental heat transfer coefficients with
those predicted using the correlations and models are shown
in Figures 23 through 25. The experimental values of the
overall heat transfer coefficient for all five widely
distributed particle size mixtures are listed in Table 8.
In order to check the validity of the existing correlations
and theoretical models, the calculated values of h from
w
these source are also included in Table 8.
Comparisons of the experimental h with the
w
predicted h from the Xavier and Davidson (13J and Martin 
w
(22)models are shown in Figure 23. All the properties of
air were evaluated at the bed temperature. It can
be seen from Figure 23 that the Xavier and Davidson (13)
model overpredicted the data for widely distributed particle
size mixtures by as much as 46 percent. However, the Martin
(22) model underpredicted h within 32 percent.
w
The calculated values of h from the correlations of
w
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COMPARISON OF OVERALL HEAT TRANSFER COEFFICIENT
o: X A V I E R  AND D A V I D S O N  MODEL 
* : M A R T I N  MODEL
HW (EXPTL) (*/(SQ U) K )
« i o^iok 2 —
Figure 23. Comparison of Experimental Values of h with
w
Calculated Values of h from the Other Models
w
for Widely Distributed Particle size Mixtures
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COMPARISON OF OVERALL HEAT TRANSFER COEFFICIENT
+ : V R E E D E N B E R G  C O R R E L A T I O N  
* : W E N D E R  AND COOPER C O R R E L A T I O N
G GLICKSMAN AND DECKER CORRELATION
HW (EXPTl) (w/(SO. <i) K )
y  M  t- i s l o l c k  2  J  -
Figure 24. Comparison of Experimental Values of h with
w
Calculated Values of h from the Other
w
Correlations for Widely Distributed Particle
Size Mixtures
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COMPARISON OF MAXIMUM OVERALL HEAT TRANSFER COEFFICIENT 
+ : Z A B R O D S K Y  ET A L . C O R R E L A T I O N  
♦ : MASKAEV AND BASKAKOV CORRELATION
Y : M A T H U R  ET A L . C O R R E L A T I O N
• O'- BOTTERILL AND DENLOYE CORRELATION
Figure 25. Comparison of Experimental Values of h with
wmax
the Calculated Values of h from the Various
wmax
Correlations for Widely Distributed Particle
Size Mixtures
TABLE 8
EXPERIMENTAL AND CALCULATED VALUES OF AVERAGE OVERALL HEAT TRANSFER 
COEFFICIENT FOR THE WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
Run d U
P
h
w
Calculated h
w
2
No. mm m/s W/m !K (27) (38) (21) (39) (40) (41) (25) (13) (22)
59 1.170 0.805 176.9 — — 231. 6 — —  — — 224.1 148.3
60 0.739 144.8 - - - - - - 221.2 146.9
61 0.884 190.4 - - 223. 4 - 214.3 222.5 187.6 226.1 149.5
62 0.938 190.3 “ - 218. 8 — —  — — 226.2 149.8
63 0.896 0.976 236.0 170.2 202.5 — — —  — — 293.2 193.6
64 0.896 236.9 143.6 203.2 - - - - 293.2 193.8
65 0.806 232.5 116.5 200.8 - 285.9 254.7 195.5 292.3 192.5
66 0.694 231.7 86.1 203.4 - - - - 292.1 191.3
67 0.655 231.4 75.9 204.6 — — —  “ 292.1 190.7
68 0.786 0.537 213.3 80.1 214.3 — — — — 274.6 171.2
69 0.856 230.4 200.2 211.2 - - - - 278.2 172.1
70 0.760 242.3 158.2 212.1 - - - - 281.3 173.5
71 0.660 246.1 120.2 213.3 - 300.2 272.6 202.1 282.2 173.8
72 0.970 245.3 259.9 214.5 — “  — 282.1 174.5
73 0.700 0.891 235.9 287.7 220.3 — — —  — — 296.3 186.2
74 0.753 247.1 231.2 221.8 - - - - 298.2 185.3
75 0.611 256.2 152.0 225.8 - - - - 301.5 188.5
76 0.555 217.6 124.1 225.8 - - - - 303.2 182.3
77 0.606 258.8 148.1 225.2 - 312.8 287.9 207.3 317.4 188.0
TABLE 8 (Continued)
Run d U h Calculated h
p
No. mm m/s
w
2
W/m K (32)
w
(28) (21) _ (39) (40) (41) (25) (13) (22)
78 0.545 0.928 275.2 299.8 248.9 —  — — — 342.2 220.5
79 0.831 287.5 306.4 250.3 - - - 346.3 223.4
80 0.663 279.5 310.1 251.3 - - - 341.9 225.3
81 0.579 284.7 314.9 252.6 - - - 346.4 230.4
82 0.492 297.4 227.4 253.7 - - - 349.2 232.7
83 (*) 0.214 324.3 - - - 342.3 - 326.3 222.4 -
* value obtained after extrapolating the data in Figure 22 upto U
opt
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Vreedenberg (3_7) , Wender and Cooper (3Q) and Glicksman and 
Decker (2_1) are compared with the experimental values of h
w
in Figure 24. All the properties of the fluidizing gas
needed to calculate h from the Vreedenberg (3_7) and
w
Wender and Cooper (28) correlations were calculated at the
bed temperature. However, the properties of the fluidizing
gas needed to calculate h from the Glicksman and Decker
w
(21) correlation were evaluated at the arithmetic average of
the bed and the surface temperature of the heat transfer
tube. The values of delta in the Glicksman and Decker (21)
correlation were calculated from Equation (43), using e and
e values obtained from Figures 19 and 20. The
mf
Vreedenberg (31_) correlation underpredicted the data by 
as much as by 67 percent while, Wender and Cooper (38)
correlation predicted within 17 percent. It can also be 
seen that the Glicksman and Decker (21J correlation 
overpredicts the data within 65 percent.
The comparisons between the experimental h values
wmax
and those determined using correlations of Zabrodsky et al. 
(39), Maskaev and Bakakov (40.)/ Mathur et al. (41_) and 
Botterill and Denloye (25) for maximum overall heat transfer 
coefficient are shown in Figure 25. Except for the 
Zabrodsky et al. (39) correlation, all the properties of 
the fluidizing gas were evaluated at the bed temperature.
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The maximum overall heat transfer coefficient value for a
mixture of 23 percent by weight of fines (0.237 mm) in
0.896 mm was detemined by extrapolating the overall heat
transfer coefficient values up to U for 0.545 mm size
opt
particles as shown in Figure 22. It can be seen from Figure 
25 that Zabrodsky et al. (39) and Mathur et al. (41)
overpredicted the h value as much as 23 and 16 percent,
wmax
respectively, and Maskaev and Baskakov (40) and Botterill
and Denloye (2_5) correlation underpredicted the h values
wmax
within 30 percent.
The root-mean-square deviations of the calculated values
of h from the correlations in
w
references (2JL, 2S_,31_,38_,39_, 41.) and the theoretical models
in references (13_,22) for widely distributed particle size 
mixtures are given in Table 9.
It can be concluded that among the existing correlations 
and models, those proposed by Martin (2_2) , Xavier and 
Davidson (1J3) , and Wender and Cooper (38) , predict the data 
well. However, for maximum overall heat transfer 
coefficient all of the four correlations (^5, 39_, 4_0, 41)
are recommended.
AVERAGE GAS CONVECTIVE HEAT TRANSFER COEFFICIENTS 
NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
The average mass transfer coefficients for four narrowly 
distributed particle size mixtures of mean particle diameter
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TABLE 9
ROOT-MEAN-SQUARE DEVIATION OF PREDICTED VALUES OF h FROM
w
THE VARIOUS CORRELATIONS AND THEORETICAL MODELS FROM THE 
EXPERIMENTAL VALUES OF h FOR THE WIDELY DISTRIBUTED
w
PARTICLE SIZE MIXTURES
Correlation RMS Deviation, Percent
Vreedenberg (37) 37.64
Wender and Cooper (38) 10.18
Glicksman and Decker (21) 22.21
Zabrodsky et al. (39) 19.21
Maskaev and Baskakov (40) 12.55
Mathur et al.(41) 11.11
Botterill and Denloye (42) 19.74
Xavier and Davidson (43) 23.18
Martin (44) 20.83
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0.237, 0.545, 0.896 and 1.350 mm were experimentally
determined by measuring the amount of naphthalene sublimated 
over a measured period of time. These values are plotted in 
Figure 26. An analogy between heat and mass 
transfer (Appendix A ) was used to determine the gas 
convective heat transfer coefficient. The calculation 
procedure used to determine the gas convective heat transfer 
coefficient is found in Appendix D. The error analysis in 
determining the gas convective heat transfer coefficient is 
discussed in Appendix E. These experimentally determined 
average gas convective heat transfer coefficients are 
presented in Table 18 of Appendix F.
Figure 27 shows the average gas convective heat 
transfer coefficient as a function of gas velocity. As 
reported by many other workers and as can be observed from 
Figure 27, the gas convective heat transfer coefficient 
increases with increasing gas velocity and also increases 
with increased particle size. However, this increase can 
only be clearly observed if there is a large difference in 
mean particle size, i.e., 0.237 and 0.896 mm.
COMPARISON WITH OTHER WORKERS
The experimentally determined average gas convective
heat transfer coefficients (h ) for the narrowly
wcv
distributed particle size mixtures fluidized beds were
C 
M/
S
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MASS TRANSFER COEFFICIENT VS VELOCITY 
* : P A R T I C L E  SIZE 1.350 MM
4- : P A R TICLE SIZE 0. 237 MM 
X : P A R TICLE SIZE 0. 545 MM 
Y : P A R T I C L E  SIZE 0 . 8 9 6  MM
Figure 26. Effect of Particle Size on Mass Transfer
Coefficients for Widely Distributed Particle 
Size Mixtures
HK
CV
 
( 
» 
/(
SO
 
M
E
T
E
R
H
90
GAS CONVECTIVE HEAT TRAN SFER C O EFFIC IEN T VS VELOCITY  
+ : P A R T I C L E  SIZE 1 . 350 MM 
X : P A R T I C L E  SIZE 0.545 MM
Y : P A R T I C L E  SIZE 0.237 MM
* : P A R T I C L E  SIZE 0. 896 MM
VELOCITY ( (i/s )
m I II 1 o^k>k i YYY 3 VxV  *
Figure 27. Effect of Particle Size on Gas Convective Heat 
Transfer Coefficient for Narrowly Distributed 
Particle Size Mixtures
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compared with the correlations proposed by other workers.
Table 10 summarizes these correlations which are discussed
in detail in Chapter I. The values of h calculated using
wcv
these correlations along with experimentally determined
values of h are listed in Table 11. Figures 28 through 
wcv
30 compare the experimentally determined h with h
wcv wcv
determined from the various different correlations.
Figure 28 compares the experimental h with, that
wcv
calculated using the Xavier and Davidson (1_3) and
Botterill and Denloye (^5) correlations. All the properties 
of the fluidizing gas needed to calculate the value of h
wcv
were evaluated at the bed temperature. It can be seen from
Figure 28 that the Xavier and Davidson (13) correlation
predicted the data within 25 percent. However, the
Botterill and Denloye (25) correlation predicted the
data within 60 percent, which is considered poor.
Figure 29 shows the comparison of experimental values of
h with the Baskakov and Suprun (21) and Baskakov et al.
wcv
(28) correlations. All the properties of the fluidizing gas 
were evaluated at the bed temperature. It can be concluded 
that the Baskakov and Suprun (21) and Baskakov et al. (28) 
correlations predict the data within ± 50 and ± 44 percent,
TABLE 10
CORRELATIONS AND THEORETICAL MODELS FOR THE PREDICTION OF THE THE AVERAGE 
GAS CONVECTIVE HEAT TRNSFER COEFFICIENT BETWEEN A FLUIDIZED BED AND AN
IMMERSED VERTICAL TUBE
Reference Correlations
Xavier and 
Davidson(13)
Botterill and
0.5
h = (4 k p Cp U/(pi L )) + k / D
wcv emf f f h emf t
k = k  + 0.1 p Cp d U 
emf e f f p
k = 0.9065 (2/(1/k - 1/k ) ) (k / (k -k ))ln((k /k ) 
e f s s s f  s f
-1))) + 0.9035 k
f
0.39 0.5
h 0.863 Ar k / d
f P
V£>
Denloye(25)
wcv
TABLE 10 (Continued)
Reference
Baskakov and 
Suprun(27)
Baskakov et al.(28)
Zabrodsky et al.(31)
Catipovic et al.(32)
Correlations
0.46 0.33
h d / k = 0.0175 Ar Pr
wcv p f
For U < U , and for U < U < U
opt mf opt
0.46 0.33 0.3
h d / k = 0.0175 Ar Pr (U/U )
wcv P f opt
0 .5 0.33
h d / k = 0.009 Ar Pr
wcv P f
0.2
h = 26.6 U Cp p d
wcv f f P
0.46 0.33
h d / k = (1-B) (0.0175 Ar Pr ) + B 
wcv p f
0.5 0.33
d /D (0.88 Re + 0.0042 Re ) Pr
p t tmf tmf
( 1 -B ) = 0.45 + 0.061/ ( U - U ) + 0.125)
mf
VO
CO
TABLE 10 (continued)
Reference 
Glicksman and 
Decker(21)
Correlations
h d / k = 0.042(1 - delta) Re Pr 
wcv p f p
(1-delta) (1 -e)/ (1 -e ) 
mf
TABLE 11
EXPERIMENTAL AND CALCULATED VALUES OF GAS CONVECTIVE HEAT TRANSFER 
COEFFICIENT FOR THE NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
Run
No.
d
P
mm
U
m/s
h
wcv
2
W/m K
Calculated h
wcv
(13) (25) (27) (28) (31) (32) (21)
35 0.237 0.858 59.99 63.78 23.32 44.03 29.76 6.65 26.09 22.33
36 0.690 53.84 57.63 23.34 44.13 29.85 6.41 26.67 19.48
37 0.532 48.31 51.23 23.34 44.12 29.84 6.08 27.42 16.26
38 0.293 32.45 39.78 23.33 44.06 29.72 5.37 29.72 10.34
39 0.138 26.25 29.72 23.35 44.20 29.92 4.66 34.11 5.60
40 0.545 0.840 66.09 67.24 40.80 60.51 45.22 15.28 38.00 25.59
41 0.553 44.45 54.45 40.78 60.51 45.23 14.07 39.89 19.05
42 0.703 60.39 61.39 40.81 60.57 45.27 14.79 38.74 22.69
43 0.366 40.09 45.00 40.82 60.60 45.30 13.00 42.86 13.99
44 0.202 33.68 35.12 41.01 59.68 45.75 11.80 50.71 8.90
45 0.102 26.38 — — — — —
46 0.896 0.917 76.11 75.75 57.09 73.35 58.20 25.77 52.23 35.75
47 0.629 63.92 61.28 57.10 73.41 58.26 23.94 57.87 26.95
48 0.732 66.42 66.61 57.09 73.37 58.21 24.64 54.83 30.21
49 0.850 68.37 72.52 57.10 73.39 58.24 25.42 52.97 33.84
50 0.584 57.58 58.94 57.08 72.53 58.16 23.51 59.88 25.45
51 0.435 51.54 - - - - - -
52 0.333 35.46 - - - - — —
TABLE 11 (continued)
Run d
P
U h
wcv
Calculated h
wcv
2
No. mm m/s W/m K (13) (25) (27) (28) (31) (32) (21)
53 1.350 0.875 90.34 79.30 74.98 82.52 71.29 38.31 72.45 38.49
54 0.971 98.50 84.90 75.08 85.28 71.42 39.26 67.63 41.31
55 0.778 82.90 - - - - - - -
56 0.461 57.42 - - - - - - -
57 0.608 74.28 - - - - - - -
58 0.869 96.98 78.82 74.91 82.25 71.20 38.16 72.85 38.23
VOCTv
H»
CV
 
(C
AL
'C
U)
 
(«
/(
50
 
U)
 
K)
97
COMPARISON OF GAS CONVECTIVE HEAT TRANSFER COEFFICIENT  
O: XAVIER AND DAVIDSON CORRELATION 
* : BOTTERILL AND DENLOYE CORRELATION
Figure 28. Comparison of Experimental Values of h with
wcv
Calculated Values of h from the Other
wcv
Correlations for Narrowly Distributed Particle
Size Mixtures
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COMPARISON OF GAS CONVECTIVE HEAT TRANSFER COEFFICIENT
©: BASKAKOV AND SUPRUN CORRELATION
* : BASKAKOV ET A L . C O R R E L A T I O N
Figure 29. Comparison of Experimental Values of h with
wcv
Calculated Values of h from the Other
wcv
Correlations for Narrowly Distributed Particle
Size Mixtures
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COMPARISON OF GAS CONVECTIVE HEAT TRANSFER COEFFICIENT 
+ : Z A B R O D 5 K Y  ET A L . C O R R E L A T I O N  
* : C A T I P O V I C  ET A L . C O R R E L A T I O N  
©: GLICKSMAN AND DECKER CORRELATION
Figure 30. Comparison of Experimental Values of h with
wcv
Calculated Values of h from the Other
wcv
Correlations for Narrowly Distributed Particle
Size Mixtures
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respectively.
The experimentally detemined values of h are compared
wcv
with the correlations of Zabrodsky et al.(21)f Catipovic et
al.(3_2) and Glicksman and Decker (2_1) in Figure 30. For
Zabrodsky et al.(21) and Catipovic et al.(3_2) correlations,
the properties of air were evaluated at the bed
temperature. The value of B in the Catipovic et al. (32)
correlation was calculated from Equation 24. The value of
delta in Glicksman and Decker correlation was calculated
using Figure 10 and Equation 43. From Figure 30, it can be
seen that the Zabrodsky et a 1. (^_1) correlation underpredicts
the h value by as much as 77 percent, and the Catipovic 
wcv
et al.(3_2) correlation predicts h within 58 percent.
wcv
However, the Glicksman and Decker (21) correlation 
underpredicts the data by as much as 75 percent.
The root-mean-square deviations of the calculated values
of h from the correlations in references(13,21,
wcv
2_5 , Z7 , ^ 8 an<  ^ the the experimental values of h for
wcv
the present data for narrowly distributed particle size 
mixtures are listed in Table 12.
It can be concluded that the Xavier and Davidson (13) 
model predicts the present data well.
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TABLE 12
ROOT-MEAN-SQUARE DEVIATION OF PREDICTED VALUES OF h FROM
wcv
THE VARIOUS CORRELATIONS AND THEORETICAL MODELS FROM THE
EXPERIMENTAL VALUES OF h FOR NARROWLY DISTRIBUTED
wcv
PARTICLE SIZE MIXTURES
Correlation RMS Deviation, Percent
Xavier and Davidson (13) 11.23
Botterill and Denloye (25) 28.63
Baskakov and Suprun (27) 31.28
Baskakov et al. (28) 24.37
Zabrodsky et al. (31) 71.65
Catipovic et al. (32) 33.56
Glicksman and Decker (21) 61.83
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WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
Table 7 lists the properties of the five widely 
distributed particle size mixtures used in this study to
investigate the effect of mixing fines on the average gas
convective heat transfer coefficients in a fluidized bed. 
The results of this study are found in Table 19 of Appendix
F. Figures 31 and 32 are the plots of mass transfer
coefficient versus velocity for mixtures of two
different base particle sizes used in this study.
Figures 33 and 34 were obtained using the mass transfer 
coefficients plotted in Figure 31 and 32, respectively, 
and using an analogy between heat and mass transfer 
(Appendix A ) . The calculation procedure is given in 
Appendix D.
Keeping in view the experimental error, it can be
inferred from Figures 33 and 34 that adding fines to
large particles generally decreased the h values.
wcv
Also, the value of the gas convective heat transfer 
coefficient for a well - mixed fluidized bed (as indicated 
by an arrow) depends upon the mean particle diameter of the 
mixture rather than on the particle size distribution. 
However, at low fluidizing velocities no conclusion could be 
drawn because the fines segregated in the bed.
COMPARISON WITH OTHER INVESTIGATORS 
The values of h
wcv
obtained for widely distributed
S/B 
)
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MASS TRANSFER COEFFICIENT VS VELOCITY
* : P A R T I C L E  SIZE
+ : 10% OF 0. 545 MM 
X : 34% OF 0. 545 MM 
Y : P A R T I C L E  SIZE
1.350 MM 
IN 1.350 MM 
IN 1.350 MM 
0. 896 MM
Figure 31. Effect of Particle Size on Mass Transfer
Coefficient for Widely Distributed Particle
Size Mixtures
( 
U/
J
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MASS TRANSFER COEFFICIENT VS VELOCITY 
Y : P A R T I C L E  SIZE 0. 896 MM 
* : 5% OF 0.237 MM IN 0.896 MM
X : 10% OF 0.237 MM IN 0.896 MM 
0 : 23% OF 0.237 MM IN 0.896 MM 
+ : P A R T I C L E  SIZE 0. 545 MM
Figure 32. Effect of Particle Size on Mass Transfer
Coefficient for Widely Distributed Particle
Size Mixtures
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GAS CONVECTIVE HEAT TRA N SFER  
+ : P A R T I C L E  SIZE 
X : 10% OF 0. 545 MM 
Y : 3 4 %  OF 0. 545 MM 
* : P A R T I C L E  SIZE
C O EFFICIEN T VS VELOCITY
1.350 MM 
IN 1. 350 MM 
IN 1.350 MM 
0. 896 MM
*
30  - ______________________________________________________________________________________________________________________________
I - T_1  1 1 1 I ' ' ' ' r—T r— r— i 1 I ‘ ‘ ■ ■ ‘ I 1 ■ I 1 ' ' I '
0 . 330  0 . 4 2 1  0 . 5 1 2  0 . 6 0 4  0 . 6 9 5  0 . 7 8 6  0 . 8 7 7
VELOCITY ( U/S )
U +4+1 ***2 Y Y Y  3
Figure 33. Effect of Particle Size on Gas Convective Heat
Transfer Coefficient for Widely Distributed
Particle Size Mixtures
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GAS CONVECTIVE HEAT TRANSFER C O EFFICIEN T VS VELOCITY
+ : P A R T I C L E  SIZE 0 . 8 9 6  MM 
* : 5% OF 0.237 MM IN 0.896 MM
Y : 10% OF 0.237 MM IN 0.896 MM 
X : 2 3 %  OF 0.237 MM IN 0.896 MM 
0 : P A R T I C L E  SIZE 0 . 5 4 5  MM
VELOCITY ( u/s )
M I H  1 >*OlC^ 2 Y Y Y  3 XVX * (TTls
Figure 34. Effect of Particle Size on Gas Convective Heat
Transfer Coefficient for Widely Distributed
Particle Size Mixtures
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particle size mixtures were compared with values obtained
using the several correlations listed in Table 10. The
calculated and experimental values of h are reported in
wcv
Table 13.
Figures 35 through 37 compare the experimental values of
h with those calculated using various correlations. It 
wcv
can be seen from Figure 35 that the Xavier and Davidson (13) 
correlation predicted the data within 17 percent while the 
Botterill and Denloye (25J correlation underpredicted the 
data within 39 percent.
Figure 36 shows that the Baskakov and Suprun (27)
correlation predicted the data within + 27 percent.
However, the Baskakov et al. (2_8) correlation underpredicted
the h values by as much as 38 percent. It is seen from 
wcv
Figure 37 that the prediction from the correlations proposed 
by Zabrodsky et al. (22), Glicksman and Decker (21)> and 
Catipovic et al. (3_2) are poor.
The root-mean - square deviations of the calculated
values of h from the correlations in
wcv
references and from the experimental
value of h for the present data are listed in Table 14. 
wcv
It can be concluded that the Xavier and Davidson (13) 
model and the Baskakov and Suprun (22) correlation reliably
TABLE 13
EXPERIMENTAL AND CALCULATED VALUES OF GAS CONVECTIVE HEAT TRANSFER 
COEFFICIENT FOR THE WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
Run d U h Calculated h
p wcv wcv
2
No. mm m/s W/m K (13) (25)
83 1.170 1.051 94.41 86.16 68.09
84 0.955 90.20 81.13 68.10
85 0.880 86.50 77.07 68.08
86 0.770 75.70 — —
87 0.896 0.942 90.68 76.48 56.86
88 0.759 72.33 67.51 56.84
89 0.888 81.10 73.93 56.88
90 1.056 93.57 81.93 56.87
91 0.559 64.26 - -
92 0.345 59.03 —
93 0.786 0.893 77.75 72.72 52.13
94 0.699 66.72 63.55 52.12
95 0.642 66.49 60.72 52.10
96 0.534 55.78 55.20 52.10
97 0.700 0.696 66.66 62.54 48.23
98 0.607 62.56 58.27 48.23
99 0.542 59.66 55.05 48.24
100 0.909 71.03 72.24 48.23
101 0.699 66.30 62.69 48.23
102 0.608 64.08 58.33 48.23
(27) (28) (31) (32) (21)
80.94 66.32 34.40 62.06 43.59
80.97 66.35 33.78 64.46 40.79
80.78 66.27 33.14 67.68 38.45
73.04 57.94 25.68 57.87 40.25
69.38 57.84 24.50 66.61 34.11
72.87 57.99 25.42 59.32 38.54
73.08 57.98 26.32 56.01 44.03
69.58 54.36 22.37 49.87 35.13
69.55 54.33 21.28 52.49 29.05
68.94 54.27 20.87 53.86 27.13
65.20 54.25 20.10 58.82 23.48
66.57 51.28 18.94 50.59 29.21
66.56 51.27 18.42 52.89 26.17
64.41 51.31 18.04 55.85 23.95
66.56 51.27 19.97 47.97 36.08
66.56 51.27 18.95 50.52 29.31
66.56 51.27 18.43 52.85 26.21
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TABLE 13 (continued)
Run d U h Calculated h
P wcv wcv
No. mm m/ s
2
W/m K (13) (25) (27) (28) (31) (32) (21)
103 0.545 0.586 56.50 55.96 40.70 60.45 45.17 14.19 48.42 25.50
104 0.918 72.14 70.41 40.70 60.44 45.16 15.52 44.00 37.10
105 0.865 68.22 68.27 40.72 60.52 45.24 15.40 44.41 35.48
106 0.726 61.09 62.31 40.71 60.49 45.21 14.85 45.73 30.61
107 0.467 52.02 50.20 40.70 59.51 45.17 13.57 54.54 21.08
109
HV
CV
 
(C
AL
CU
) 
(V
/C
SO
. 
U)
 
K)
110
COMPARISON OF GAS CONVECTIVE HEAT TRANSFER COEFFICIENT 
O: XAVIER AND DAVIDSON CORRELATION 
* : BOTTERILL AND DENLOYE CORRELATION
Figure 35. Comparison of Experimental Values of h with
wcv
Calculated Values of h from the Other
wcv
Correlations for Widely Distributed Particle
Size Mixtures
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COMPARISON OF GAS CONVECTIVE HEAT TRANSFER COEFFICIENT 
0 : BASKAKOV AND SUPRUN CORRELATION 
* : B A S K A K O V  ET A L . C O R R E L A T I O N
Figure 36. Comparison of Experimental Values of h with
wcv
Calculated Values of h from the Other
wcv
Correlations for Widely Distributed Particle
Size Mixtures
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COMPARISON OF GAS CONVECTIVE HEAT TRANSFER COEFFICIENT 
+ : Z A B R O D S K Y  ET A L . C O R R E L A T I O N  
* : C A T I P O V I C  ET A L . C O R R E L A T I O N  
G>: GLICKSMAN AND DECKER CORRELATION
Figure 37. Comparison of Experimental Values of h with
wcv
Calculated Values of h from the Other
wcv
Correlations for Widely Distributed Particle
Size Mixtures
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ROOT-MEAN-SQUARE DEVIATION
TABLE 14
OF PREDICTED VALUES OF h FROM
wcv
THE VARIOUS CORRELATIONS AND THEORETICAL MODELS FROM THE
EXPERIMENTAL VALUES OF h FOR WIDELY DISTRIBUTED
PARTICLE
wcv
SIZE MIXTURES
Correlation RMS Deviation, Percent
Xavier and Davidson (13) 8.32
Botterill and Denloye (25) 25.39
Baskakov and Suprun (27) 10.26
Baskakov et al. (28) 23.58
Zabrodsky et al. (31) 68.60
Catipovic et al. (32) 24.62
Glicksman and Decker (21) 54.67
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predict our data.
CONTRIBUTION OF THE GAS CONVECTIVE HEAT TRANSFER COEFFICIENT
(a) NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
Figure 38 is a plot of the percentage contribution of
the gas convective heat transfer coefficient to the overall
heat transfer coefficient as a function of gas velocity.
For a particular particle size, the contribution of h to
wcv
the overall heat transfer coefficient becomes significant at 
high gas velocities and at velocities close to the minimum 
fluidization. Also it can be inferred that the amount 
of heat absorbed by the gas as compared with the heat 
absorbed by the sand particles increased with increasing 
particle diameter.
The reason for this increase can be explained by the 
the fact that the large particles require higher gas 
velocity for fluidization and these higher gas velocities 
increase the heat transfer due to gas convection. Also, 
the particle convective heat transfer coefficient decreased 
with increasing particle diameter.
(b) WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
Figures 39 and 40 are plots of percentage contribution
of h to h for the five mixtures prepared from two base 
wcv w
particle sizes.
According to the Figure 39, when 10 percent by weight of
HW
CV
/H
*
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Figure 38. Effect of Particle Size on Percentage
Contribution of h for Narrowly Distributed
wcv
Particle Size Mixtures
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Figure 39. Effect of Particle Size on Percentage
Contribution of h for Widely Distributed
wcv
Particle Size Mixtures
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Figure 40. Effect of Particle Size on Percentage
Contribution of h for Widely Distributed
wcv
Particle Size Mixtures
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fines (0.545 mm ) was added in 1.350 mm base particle size,
a decrease in the percentage contribution of h was
wcv
observed. Adding fines decreased the voidage of the bed,
causing the heat absorbed by the gas to decrease and the
heat absorbed by the particle to increase. The same
reasoning applies when 34 percent of fines were mixed with
66 percent of 1.350 mm particle size. Although a slightly
higher contribution to the value of h was observed
wcv
when 34 percent of fines were mixed with 66 percent of 1.350
mm particle size (d = 0.896 mm ) to the percentage
P
contribution of h measured for narrowly distributed
wcv
particle size of d = 0.896 mm, this can be attributed to
P
the experimental error.
We can infer from Figure 40 that when 5, 10 and 23
percent of fines were mixed with 0.896 mm base 
particle size, the percentage contribution of the gas 
convective heat transfer coefficient decreased for well 
fluidized beds as indicated by an arrow. However, at low 
fluidizing velocities no conclusion could be drawn because 
the fines segregated in the bed.
Finally, it can be concluded, keeping in view the
experimental error, that the contribution of the gas
convective heat transfer coefficient depends on the mean
particle diameter (d ) of the mixture rather than on the
P
particle size distribution for a nicely fluidized bed.
CHAPTER IV
GENERAL CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS
AVERAGE OVERALL HEAT TRANSFER COEFFICIENT 
NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
Average overall heat transfer coefficients were 
experimentally determined for a vertical heat transfer tube 
immersed in a fluid bed for four narrowly distributed 
particle size mixtures of sand particles. The experimental 
evidence indicated that the magnitude of the average overall 
heat transfer coefficient increased as the particle size 
decreases.
The experimental values of the overall heat transfer 
coefficient for these narrowly distributed particle size 
mixtures were compared with the predicted values using 
existing correlations and models obtained with a narrowly 
distributed mixture of particles. The results indicate that 
among the existing correlations and models, those proposed 
by Wender and cooper (3Q) , Martin (2_2) and Xavier and 
Davidson (1_3) predicted the data quite well. However, for 
maximum value of overall heat transfer coefficient, all of 
the four correlations discussed in references (25,39,40,41) 
are recommended.
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WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
The average overall heat transfer coefficients were also
measured for five different widely distributed particle size
mixtures prepared from two base particle ( d = 1.350 and
P
0.896 mm ) sizes. The experimental results indicate that 
adding fines to a bed containing mostly large particles 
increased the average overall heat transfer coefficient. 
Under the present experimental conditions for well - mixed 
fluidized beds, the magnitude of the average overall heat 
transfer coefficient depends on the mean particle 
diameter of the mixture rather than on the particle size 
distribution.
The experimental values of the overall heat transfer 
coefficient measured for the widely distributed particle 
size were compared with predictions from the several 
different correlations and models developed for the narrowly 
distributed particle size mixtures. The results indicate 
that the Wender and Cooper (3_8) correlation and Martin (22) 
model predict the data within 17 and 32 percent,
respectively, while the Glicksman and Decker (21)
correlation and Xavier and Davidson (13^ ) model predict the 
data within 65 percent and 46 percent, respectively. On 
comparing the maximum overall heat transfer coefficient, it 
is recommended that all of the four correlations discussed 
in references (.25., 3_9,4_0,4_1) can be used to predict the 
maximum heat transfer coefficient value without serious
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error.
AVERAGE GAS CONVECTIVE HEAT TRANSFER COEFFICIENT 
NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
The gas convective heat transfer coefficient was
measured for four different narrowly distributed particle 
size mixtures ( Table 3). It was found that the average gas 
convective heat transfer coefficient increased with 
increasing gas velocity and particle size.
The results obtained were compared with the correlations 
proposed by other workers. The results indicate that the 
Xavier and Davidson (JL3) correlation is very reliable and 
predicts the present data within 25 percent. The
predictions from other correlations (2,-kf 2_5,_2Z, 2_8/3_l ,3_2) were 
p oor.
WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
Five different mixtures prepared from two base particle 
sizes of 1.350 mm and 0.896 mm ( Table 7) were used to
study the effect of mixing of fines on the average gas 
convective heat transfer coefficient. It was found that the 
addition of fines to large particles decreased the gas 
convective heat transfer coefficient for a well - mixed 
fluidized bed. However, no definite conclusion could be 
drawn at low fluidizing velocities since the fines 
segregated in the bed.
The values of the gas convective heat transfer
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coefficients obtained were compared with those obtained 
using other correlations. The best correlation was found to 
be that proposed by Xavier and Davidson (1^ 3) which 
predicted the data within 17 percent. Baskakov and Suprun 
(27) predicts the data within ± 27 percent which is 
considered good. However, the Botterill and Denloye (25) , 
Baskakov et al. (^8) and Catipovic et al.(3_2) correlations 
underpredict the gas convective heat transfer values by as 
much as 38 percent. The correlations proposed by Zabrodsky 
et al. (3_1) and Glicksman and Decker (2_1) underpredict the 
data within 78 percent.
CONTRIBUTION OF GAS CONVECTIVE COMPONENT
From the experimental results of the gas convective heat 
transfer coefficients and overall heat transfer coefficients 
for narrowly and widely distributed particle size mixtures 
it can be concluded that the contribution of the gas 
convective heat transfer coefficient increased with 
increasing particle diameter. Also, for a well mixed 
fluidized bed the magnitude of this contribution depends 
upon the mean particle size of the mixture rather than on 
the particle size distribution. The dependence of the 
relative contribution of the gas convective component on the 
gas velocity was found to be more complex. For example 
with 0.896 mm particles, the relative contribution decreased 
from 70 percent at minimum fluidizing conditions to a 
minimum value of about 20 percent with an increased 
fluidizing velocity. However, a further increase in
velocity resulted in an increase of the relative
contribution.
RECOMMENDATIONS
All the correlations for the heat trasfer coefficients 
have been developed for a specific range of design
variables. Any deviation from the range of variables for a 
given correlation should be carefully examined. Further 
research is needed to study the performance of an in bed 
heat exchanger having a larger tube with higher surface 
temperature. This will help check the validity of the
existing correlations at conditions generally found in 
the industrial operations of fluidized bed combustors. Also 
more work is needed to study the effect of adding fines 
on the total and gas convective heat transfer coefficients 
over wide range of velocities. To study the effect of
mixing of fines on the gas convective heat transfer
coefficient at high bed pressure should also be an 
interesting research topic.
123
APPENDIX A
ANALOGY BETWEEN HEAT AND MASS TRANSFER
According to the analogy between heat and mass transfer, 
the rate of heat transfer is analogous to the rate of mass 
transfer, and the temperature difference that drives 
heat transfer is analogous to the concentration difference 
that drives mass transfer. For example, for the
naphthalene sublimation technique, the mass transfer rate is 
the rate at which naphthalene vapor sublimes from a solid 
naphthalene surface that is a model of the heat transfer 
surface of interest. The naphthalene sublimation is driven 
by the difference in the concentrations of the
naphthalene vapor at the surface and in the bulk fluid. 
In terms of dimensionless quantities, the Nusselt number, 
Nu, for the heat transfer is analogous to the Sherwood 
number, Sh, for mass transfer, and the Prandtl number, Pr, 
is analogous to the Schmidt number, Sc. Eckert (£6) has 
shown that if a heat transfer process for a system having 
a given geometry is described by
Nu = f( Re, Pr) (A.l)
then the mass transfer process for the same geometry and 
analogous boundary conditions is represented by
Sh = f( Re, Sc) (A.2)
where f is the same function in Equations (A.l) and (A.2).
For the conventional power law type of correlations
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given by
n m
Nu = C Re Pr (A.3a)
and
n m
Sh = C Re Sc (A.3b)
it follows that
m
Nu = (Pr/Sc) Sh (A.4)
Equation (A.4) provides a means of transforming the mass 
transfer data into heat transfer data. Specifically, once 
the exponent m is defined, measured Sherwood numbers
corresponding to a given Sc can be transformed to Nusselt
numbers corresponding to a desired Pr.
The exponent m typically falls in the range between
1/3 and 0.4. However for our study , it was taken as 1/3.
Therefore Equation (A.4) becomes
0.33
Nu = (Pr/Sc) Sh (A.5)
From the definition of dimensionless numbers,
Nu = h L / k 
wcv h f
Pr = mu/ Cp k
Sh = K L / D 
h
Sc = mu/ p D
f f f 
substituting the values from Equation (A.6) 
(A.5), and upon simplification, we obtain
into
(A.6) 
Equation
0.33
h = K ( k / D) ( D/ a ) 
wcv f
(A.7)
where the thermal diffusivity a, is given by
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a = k / p Cp (A. 8)
f f f
and mass transfer coefficient K, is given by
★
K = M / A ( C - C )  (A.9)
t
In the Equations (A.6) to (A.9), D is the diameter of
t
naphthalene tube, A is the surface area of this tube in
t
contact with the fluid. Also k , Cp and p are the thermal
f f f
conductivity, specific heat and density of the fluidizing
*
gas at the surface temperature, and C and C are the 
concentrations of naphthalene at the tube surface and in the 
bulk of bed, while the quantity M is the rate of mass 
transfer and D is the mass diffusion coefficient.
APPENDIX B
PROPERTIES OF AIR AND NAPHTHALENE 
THERMAL CONDUCTIVITY OF AIR
The thermal conductivity of air was obtained from the
following correlation :
5 0.5 -12/T
10 k 0.632 T /( 1 + (245/T 10 )) cal/cm s K
f
(B.l)
for 90 K <  T <  1173 K
The predicted values of k from Equation (B.l) fit the
f
the experimental data within + 2.5 percent.
DENSITY OF AIR
The density of air was calculated by using the ideal gas 
equation :
p = P M / R T (B. 2)
f
where P = pressure in psia
3
R = gas constant, 10.73 psia ft /lb mole R 
T = temperature in R
VISCOSITY OF AIR
The viscosity of air was calculated from the following 
Equation (4J7) :
2 3
mu = 4.0201+ 0.75582 T - 5.7171E-04 T + 2.9928E-07 T - 
4
6.2524E-11 T micropoise (B.3)
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The Equation (B.3) fits the data within + 3 percent. 
SPECIFIC HEAT OF AIR
The specific heat of air was calculated using the 
following equation :
-05
Cp = 0.24024 + 1.88 10 (T-300) cal/gm K (B.4)
f
Equation (B.4) was obtained by linear regression 
analysis of the data given in reference (47J . The percentage 
error does not exceed + 2 percent.
VAPOR PRESSURE OF NAPHTHALENE
The vapor pressure of naphthalene was calculated using 
the following equation :
log P = 11.45 - 3729.27/T mm. of Hg (B.5)
v s
The predicted values of vapor presseure fits the data 
within ± 4 percent.
DIFFUSIVITY OF NAPHTHALENE IN AIR
The diffusivity of naphthalene in air D, was determined 
from the following correlation (£8) :
-06 1.5 2
D = 5.13 * 10 (T / 212) (14.7/P) m /s (B.6)
s
The value of D predicted from Equation (B.6) fit the 
experimental data within ± 7 percent.
APPENDIX C
RESULTS OF SIEVE ANALYSIS 
(MATERIAL : QUARTZ SAND)
TABLE 15
Size Range Weight Fraction d U
p mf
(mm ) x (%)
i
(mm ) (m/s)
0.425 - 0.500 0.85
0.297 - 0.425 23.53
0.250 - 0.297 22.19
0.210 - 0.250 29.31 0.237 0.044
0.177 - 0.210 5.47
0.150 - 0.177 11.57
0.125 - 0.150 7.05
0.841 - 1.000 31.89
0.707 - 0.841 21.02
0.595 - 0.707 3.58
0.500 - 0.595 1.87 0.545 0.145
0.420 - 0.500 12.39
0.297 - 0.420 27.65
0.250 - 0.297 1.57
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TABLE 15 (Continued)
Size Range 
(mm )
Weight Fraction
x (%) 
i
d
P
(mm )
U
mf
(m/s)
1.190 - 1.410 6.03
1.000 - 1.190 18.06
0.707 - 1.000 74.49
0.595 - 0.707 0.46 0.896 0.483
0.420 - 0.595 0.60
0.297 - 0.420 0.15
0.250 - 0.297 0.18
1.680 - 2.000 12.17
1.190 - 1.680 67.97
1.000 - 1.190 16.01
0.841 - 1.000 2.33 1.350 0.796
0.707 - 0.841 0.42
0.595 - 0.707 0.34
0.500 - 0.595 0.74
APPENDIX D
SAMPLE CALCULATION
AVERAGE OVERALL HEAT TRANSFER COEFFICIENT
The following calculations illustrate how the 
experimental data for a vertical tube immersed in a 
fluidized bed may be used to estimate the experimental 
average heat transfer coefficient. Further, it shows how 
these experimental data can be used to predict the values of 
average heat transfer coefficient from the various 
correlations and models proposed in Chapter I and listed in 
Table 4.
EXAMPLE(RUN # 10) : Estimate the average overall heat
transfer coefficient between a bed of sand particles(d
P
=0.545 mm ) and a vertical tube(D = 0.0262 m)at the
t
following conditions :
Q = 11.27 W D = 0.09929 m U = 0.797 m/s
b
3
P = 2649.5 kg/m T = 343.4 K T = 338.52 K
s s b
k = 1.9 W/m K Cp = 0.84 kJ/kg K P = 15.02 psia
s s
L = 0.1012 m U = 0.145 m/s H — 0.2032 m
h mf b
2
e = 0.5435 e = 0.368 A = 0 .00774 m n =16
mf b d
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CALCULATIONS
The average overall heat transfer coefficient for a tube 
immersed in a fluidized bed can be calculated using the 
following relationship :
h = Q/( A (T - T )) (Dl)
w t s b
The surface temperature, T , of the heat transfer tube
s
was computed as an arithmetic average of the three
temperatures indicated by thermocouples placed as shown in
Figure 6 and the bed temperature T was calculated as an
b
arithmetic average of four temperatures measured by 
thermocouples placed in the bed at different locations.
2
A = pi D L = 0.008329 m
t t h
from Equation Dl
2
h = Q/(A (T - T )) = 277.25 W/ m K
w t s b
CALCULATIONS TO ESTIMATE h FROM THE VARIOUS CORRELATIONS
w
AND THEORETICAL MODELS
VREEDENBERG CORRELATION(37)
The thermal conductivity(k ), density(p ), viscosity(mu)
f f
and specific heat (Cp ) of the fluidizing gas were
f
calculated at bed temperature (338.52 K) .
134
and
Using Equations (B.l) through
-03
k = 29.20 * 10 W/m K
f
3
P = 1.066 kg/ m
f
-07
mu = 201.768 * 10 kg/m s
Cp = 1.00888 kJ/kg K
f
2
G = U p = 0.8496 kg/ m s
f
G d p / m u p  = 57038.28
P s f
3/2 1/2
G (D - D )/p d g 1461
b t f P
From Equation (31)
h (D - D )/k (D d k / (D (D -D ) Cp mu)) 
w b  t f t p f  b b t  s
1/3
3/2 1/2 -0.1
= 240(G(D - D )/(p d g ) )
b t f p
h = 307.99 W/m K
w
WENDER AND COOPER CORRELATION(38)
All the properties of the fluidizing gas needed in 
correlation were evaluated at the bed temperature.
From Equation (32)
0.43
Nu = 0.000351 C r (1 -e)(Cp p / k ) (G d / mu)
wp 0.8 0.66 f f f  p
(Cp /Cp ) ( p /p )
s f s f
this
0.23
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2
Nu = 4.5584 and h = 244.23 W/m K
wp w
ZABRODSKY ET AL^ CORRELATION(39)
The properties of the fluidizing gas needed in this
correlation were evaluated at the arithmetic average of the
bed and the surface temperatures, i.e., (338.52+343.20/2)=
340.96 K
Using Equations (B.l) through (B.4) the values of k , p ,
f f
Cp and mu can be calculated at 340.96 K.
From Equation (35)
0.213
Nu = 0.88 Ar
wpmax
Where
3 2
Ar= g d p (p - p )/ mu 
p f s f
Ar= 10816.02 and Nu = 6.36416
wpmax
2
h = 348.97 W/ m K
wmax
MASKAEV AND BASKAKOV(40)CORRELATION
The properties of the fluidizing gas in this correlation 
were evaluated at the bed temperature.
From Equation (36)
0.32
Nu = 0.21 Ar
wpmax
From Equation (15)
3 2
Ar= g d p (p - p )/ mu 
p f s f
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A r = 11012.86 Nu = 4.1269
wpmax
2
h = 221.10 W/m K
wmax
MATHUR ET AL^ CORRELATION(41)
The necessary properties of the gas were evaluated at 
the bed temperature.
From Equation (37)
0.145 0.065
Nu = 2.09(Ar Cp / Cp ) (d /D )
wpmax s f  P t
Ar= 11012.86 Nu = 6.10045
wpmax
2
h = 326.84 W/m K
wmax
BOTTERILL AND DENLOYE(25)CORRELATION
The properties of the fluidizing gas were evaluated at 
the bed temperature.
From Equation (38)
0.15 0.39 0.5
h = 0.843 Ar k / d  + 0.86 Ar k / d
wmax f p f p
2
Ar= 11012.3 h = 222.98 W/m K
wmax
GLICKSMAN AND DECKER(21) CORRELATION
The properties of the fluidizing gas needed in this 
correlation were evaluated at the arithmetic average of bed 
and tube surface temperatures.
From Equation (33)
137
Mu = (1 - delta ) ( 9.42 + 0.042 Re Pr)
wp P
where
(1-delta) = (1 -e)/ (1 -e )
Re = d p U/mu
mf
and Pr = mu Cp / k
P P f f f
Re = 22.6615, Pr = 0.701 and (1-delta)= 0.72230
P
Nu = 7.2850 and h
2
390.36 W/m K
wp w
XAVIER AND DAVIDSON (13) MODEL
The properties of the fluidizing gas in this 
correlation were evaluated at the bed temperature.
From Equation (39)
h = h + h 
w wc wcv
From Equation (4a)
h = (1/((d /(10 k )+(4 k P Cp (U- U )/pi 1)) 
wc p f emf emf s mf
-0.5
)(1- E ) 
b
From Equation (13)
k = 0.9065 (2/(1/k - 1/k ) ) (k / (k -k ))ln((k /k ) -
e f s s s f  s f
1))) + 0.9035 k
f
k = 0.2299 W/m K
e
From Equation (12)
X = k + 0.1 p Cp d U 
emf e f f p
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k = 0.27661 W/m K 
emf
From Equation (6)
0.4
D = 0.642 (A (0- U )) 
bm b mf
D = 0.0786 m 
bm
From Equation (7)
D = 0.347( A  (U - U )/ n )0.4 
bo b mf d
D = 0.0138 m 
bo
From Equation (5)
(D -D )/(D - D ) = exp ( -0.3 H / D )
bm be bm bo b b
D = 0.04353 m
be
From Equation (4c)
0.5
U = (U- U ) + 0.711 ( g D ) 
b mf be
U = 1.1166 m/s 
b
From Equation (4b)
1- E = U / (U- U + U ) 
b b mf b
1- E = 0.6313 
b
3
p = (1- e ) p = 1674.8 kg/m
emf mf s
substituting these values in Equation (4a)
139
h = 281.23 W/m K
wc
From Equation (11)
0.5
h = (4 k p Cp U/ (pi L ) ) + k / D
wcv emf f f h emf t
2
h = 65.17 W/m K 
wcv
From Equation (39)
2
h = 346.40 W/m K 
w
2
MARTIN (22)MODEL
All the properties needed for this model were evaluated 
at the bed temperature.
From Equation (40)
0.5 0.33
Nu = Nu + 0.009 Ar Pr 
wp wpc
From Equation (10a)
-M
Nu = Nu ( 1-e)(1-exp )/ C M 
wpc max k
From Equation (lOd)
o = 2q (2/y -1)
The value of o is determined at 338.52 K for an accomodation
-03
coefficient value of 0.9 and came out to be 0.279 10 m.
The value was used throughout the calculation because it 
will not change much with changing temperature.
From Equation (10c)
140
Nu = 4 ( ( (1+ 2 o /d ) In(1+ d / 2 o )) -1)
max p p
Nu = 23.569 
max
From Equation (10b)
3 .5
M = 6 k Nu / (C p Cp (g d (e-e /(5(1—e ) (1-e)) 
f max k s s p mf mf
M= 0.0452
From Equation (10a)
Nu = 3.503 
wcp
Ar = 11012.86 Pr = 0.697
From Equation (40)
2
Nu = 4.3414 and h = 232.60 W/m K
wp w
APPENDIX D (continued)
SAMPLE CALCULATION
AVERAGE GAS CONVECTVE HEAT TRANSFER COEFFICIENT
The following calculations illustrate how the 
experimental data for a vertical tube immersed in a 
fluidized bed may be used to estimate the experimental 
average gas convectve heat transfer coefficient. Further, 
it is shown how these experimental data can be used to 
predict the value of the average heat transfer coefficient 
from the various correlations and models proposed in Chapter 
I and listed in Table 10.
EXAMPLE(RUN # 49) : Estimate the average overall heat
transfer coefficient between a bed of sand particles(d
P
=0.896 mm ) and a vertical naphthalene tube immersed in a 
fluidized bed for the following conditions :
D
t
= 0.0266 m L = 0.09828 m 
h
M = 8.6520 gm/hr
T
s
= 333.88 K T = 333.87 K 
b
U = 0.85 m/s
U
mf
= 0.482 m/s U = 0.595 m/s 
opt
e= 0.465 e = 0.396 
mf
3
P = 15.18 psia D = 0.09929 m 
b
p = 2649.5 kg/m 
s
k
s
= 1.9 W/m K Cp = 0 . 8 4  kJ/kg 
s
[ K
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CALCULATIONS
The average gas convective heat transfer coefficient was 
calculated for a naphthalene tube immersed in a fluidized 
bed using heat and mass transfer analogy (Appendix A ) .
From Equation (A.7)
0.33
h = K k /D (D/a) 
wcv f
*
Where K = M /( A ) ( C- C )
t
In our case, the concentration of naphthalene in the air
*
at the inlet of the bed (C ) is 0.
Average temperature of the surface = (333.88+333.87)/2 =
333.875.
From Equation (B.5)
log P = 11.45 - 3729.27/T mm. of Hg 
v s
P = 1.9062 mm of Hg
v
-05
C= P / R T = 9.155* 10 
v s
-03 2
A = pi D L = 8.21 * 10 m
t t t
From Equation (A.9)
-02
K = 89817.8 gm mole /liter hr = 2.495 * 10 m/s
The properties of the fluidizing gas such as thermal
conductivity (k ), density (p ), viscosity (mu) and specific
f f
heat (Cp ) were evaluated at the bed temperature, 
f
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Using Equations ( B.l) through (B.4), we get
k = 28.856 10 W/m K
f
3
p = 1.0927 kg/ m
f
-07
mu = 199.660 10 kg/m
and
Cp = 1.00850 kJ/kg K 
f
Diffusivity of naphthalene in air D, was calculated from 
Equation (B.6)
-06 1.5 2
D = 5.13 * 10 (T / 213) (14.7/P) m /s
s
-06 2
D = 6.717 * 10 m /s
-05 2
a = k / C p  p = 2.6185*10 m / s
f f f
From Equation (A.7)
2
h = 68.41 W/m K 
wcv
CALCULATIONS TO ESTIMATE THE GAS CONVECTIVE HEAT TRANSFER
COEFFICIENT FROM VARIOUS CORRELATIONS
XAVIER AND DAVIDSON (13) CORRELATION
All the properties of the fluidizing gas were evaluated 
at the bed temperature (333.87 K ) .
From Equation (13)
k = 0.9065 (2/(1/k - 1/k ))(k / (k -k ))ln((k /k ) -
e f s s s f  s f
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1) ) ) + 0.9035 k
f
k = 0.2277 W/m K 
e
From Equation (12)
k = k  + 0 . 1 p  Cp d U
emf e f f p
k = 0.31163 W/m K
emf
From Equation (11)
0.5
h = (4 k p Cp U/(pi L )) + k / D
wcv emf f f h emf t
2
hwcv = 77.62 W/m K
BOTTERILL AND DENLOYE(25) CORRELATION
All the properties of the fluidizing gas for 
correlation were evaluated at the bed temperature.
From Equation (14)
0.39 0.5
h = 0.863 Ar k / d
wcv f p
Ar = 51226.72
2
h = 57.10 W/m K 
wcv
BASKAKOV AND SUPRUN (27) CORRELATION
All the necessary properties of the fluidizing 
needed for this correlation were evaluated at the
this
gas
bed
temperature.
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0.46 0.33
h d / k = 0.0175 Ar Pr
wcv p f
Pr = 0.698 Ar = 51226.7
2
h = 73.40 W/m K 
wcv
BASKAKOV ET AL. (28)CORRELATION
From Equation (16)
All the necessary properties of the gas were evaluated 
at the bed temperature.
From Equation (18)
0.5 0.33
h d / k = 0.009 Ar Pr
wcv p f
Pr=0.698 Ar= 51226.7
2
h = 58.25 W/m K 
wcv
ZABRODSKY ET AL. (31)CORRELATION
All the properties of the fluidizing gas were evaluated 
at the bed temperature.
From Equation (22)
0.2
h 26.6 U Cp p d
wcv f f p
2
h 25.42 W/m K
wcv
CATIPOVIC ET AL. (32)CORRELATION
All the necessary properties of the fluidizing gas for 
this correlation were evaluated at the bed temperature.
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0.46 0.33
h d / k = (1-B)(0.0175 Ar Pr ) + B d /D
wcv p f p
0.5 0.33
(0.88 Re + 0.0042 Re ) Pr
tmf tmf
From Equation (24)
From Equation (23)
( 1 -B ) = 0.45 + 0.061/ ( U - U ) + 0.125)
mf
( 1- B ) = 0.5737
Re = D p U / m u  = 691.27
tmf t f
Using Equation (23)
2
h = 52.96 W/m K
wcv
GLICKSMAN AND DECKER (21) CORRELATION
The properties of the fluidizing gas needed in 
correlation were evaluated at the arithmetic average of 
and tube surface temperatures.
From Equation (19)
h d / k = 0.042(1 - delta) Re Pr 
wcv p f p
where from Equation (43)
(1-delta) = (1 -e)/ (1 -e )
mf
Re = d p U/mu and Pr = mu Cp / k
p p f f f
Re = 41.6800 , Pr = 0.698 and (l-delta)= 0.8850
P
this
bed
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Nu
wp
2
1.8137 and h = 34.82 W/m K
wcv
APPENDIX E
ERROR ANALYSIS OF HEAT TRANSFER MEASUREMENT 
The overall heat transfer coefficient was calculated using
Equation (D.l)
h = Q/ A ( T - T ) (E.l)
w t s b
With the instantaneous power dissipiation given by
Q = V I (E. 2)
and A = pi D L (E.3)
t t h
h = Q/(pi D L ) (T - T ) (E.4)
w t h s b
Taking the logarithm of both side of Equation (E.4)
In h = In Q - In D - In L - In (T - T ) - In pi 
w t h s b
(E.5)
and differentiating
d In h = d In Q - d In D - d In L - d In (T - T )  
w t h s b
(E.6)
We obtain (approximately)
Ah /h = ( aQ/Q) - ( a D /D ) - ( /l  ) - ( A(T
w w t t h h s
T ) / (T - T ) ) (E. 7)
b s b
Squaring Equation (E.7), we have
2 2 2 2 
(Ah /h ) = ( AQ/Q) + ( A D /D ) + ( AL /L )
w w t t h h
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+( A (T - T )/(T - T )) + cross terms (E.8)
s b s b
Taking the time average of Equation (E.8) and noting that 
for independent or uncorrelated errors the average of the 
cross term approaches zero, we obtain the mean square 
relative error :
2
2 2 2 2 
(A h /h ) = ( A Q/Q) M a D / D  ) + ( a L /L )
w w t t h h
2
+ ( A(T - T ) / (T - T ) ) (E. 9)
s b s b
The relative error in the heat transfer coefficient is then
2
RE = (a ( Q/Q) + 
h
2
(A D /D ) + ( A L 
t t
2
/L ) 
h h
+
( a (T - T )/(T - 
s b s
2 0.5 
T ) ) ) 
b
(E.10)
And the maximum error is given by
E = ABS { a Q/Q) 
max
+ ABS ( a D /D ) 
t t
+ ABS ( A L /L ) 
h h
+ ABS ( ( A (T - T ) / (T - T ) ) ) 
s b s b
(E.ll)
In a typical case, the following quantities were
measured and / or estimated from the instrument
specifications :
D = 2.620 cm 
t
A D  = 0.001 cm 
t
( AD /D ) = 0.00038 
t t
L =10.121 cm 
h
aL = 0.001 cm 
h
(a L /L ) = 0.000098 
h h
The total power supplied to the heater was measured.
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However, some of the power is also transferred to the bed 
through the plexiglas end pieces (see Figure 6). Using a 
simple heat transfer model and accounting for the thermal 
conductivity of plexiglas, about five percent of power was 
not accounted for in the calculation. The accuracy of
the multimeter was about one percent in measuring current 
and voltage. Taking all these thing into account it was 
estimated that ( aQ/Q) was about 6 percent or 0.06.
An experimental error of 5.0 percent was calculated in
measuring T - T considering the accuracies of the
s b
themocouple, the meter and the way thermocouples were
attached to the heat transfer tube assembly ( Figure 6).
From Equation (E.10)
2 2 2 2  0.5
RE = ((0.00038) + (0.000098) + (0.06) + (0.050) )
h
or finally,
RE = 0.078 
h
From Equation (E.ll)
E = (0.00038) + (0.000098) + (0.06) + (0.050)
max
E = 0.1104
max
The relative error in our measurements is therefore 7.8
percent, and the maximum error is 11.0 percent. Therefore,
the value of h can be expected to be in error by less than 
w
11 percent.
APPENDIX E (Continued)
ERROR ANALYSIS OF MASS TRANSFER EXPERIMENTS 
The gas convective heat transfer coefficient was calculated 
using Equation (A.7) in Appendix A :
0.33
h = K (k /D) (D/a) (E.12)
wcv f
Where the mass transfer coefficient K is given by Equation 
(A.9)
K = (m/t A ) ( C - C ) (E.13)
t
and thermal diffusivity a is given by
a = k /p Cp 
f f f
Therfore
* 0.33
h = (m/t A ) (C - C ) (k /D) (D p Cp /k ) (E.14)
wcv t f f f f
*
In our case C = 0  and A = pi D L
t t h
Taking the logarithm of Equation (E.14)
In h = In m + In k + 0.33 In D + 0.33 In p +
wcv f f
0.33 In Cp - In t - In D - In C - In D - 0.33 In k - In 
f t  f
L - In pi (E.15)
h
or
In h = In m + 0.67 In k + 0.33 In p + 0.33 In Cp 
wcv f f f
In t - In D - In L - In C - 0.67 In D - In pi (E.16)
t h
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and differentiating
d In h = d In m + 0.67 d In k + 0.33 d In p + 0.33 
wcv f f
d In Cp - d In t - d In D - d In L - d In C - 0.67 d In D 
f t h
(E.17)
we obtain (approximately)
( a h /h ) = ( Aro/ro) + 0.67 ( A k  /k ) + 0.33 (a
wcv wcv f f
p /p )+ 0.33 ( A Cp /Cp ) - ( At/t) - ( AD /D ) - ( A L /L ) - 
f f  f f  t t  h h
( a C/C) - 0.67 ( AD/D) (E.18)
Squaring Equation (E.18)
2 2 2 
( A h /h ) = ( a ro/m) + 0.449 ( A k /k ) + 0.109 (a
wcv wcv f f
2 2 2 2 
p /p ) + 0.109 ( A Cp /Cp ) + (At/t) + ( AC/C) + (A
f f f f
2 2 2 
D /D ) + ( A L /L ) + 0.449 ( AD/D) + error terms (E.19)
t t h h
Taking the time average of Equation (E.19) and noting that 
for independent or uncontrolled errors the average of the 
cross term approaches zero, we obtain the mean square 
relative error :
2 2 2 
( A h /h ) = ( A m/m) + 0.449( A k /k ) +0.109 (A
wcv wcv f f
2 2 2 2 
p /p ) + 0.109 ( A Cp /Cp ) + ( At/t) + ( AC/C) + (A
f f f f
2 2 2 
D /D ) + ( AL /L ) + 0.449 ( a D/D)
t t h h
( E . 2 0 )
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The relative error in the gas convective heat transfer 
coefficient measurement is then
2 2 2
RE
h
+0.109
( a ( h /h ) = ( a m/m) +
wcv wcv
2 2 
(A p /p ) + 0.109 ( A Cp /Cp )
f f f f
2 2
0.449 ( A k /k ) 
f f
2 2 
+ (At/t) + (AC/C)
2 0.5
+
( A D /D ) + ( AL /L ) + 0.449 (A D/D) ) (E.21)
t t h h
And the maximum error is given by
E = ABS ( A m/m) + ABS ( At/t) + ABS ( AC/C) + ABS (A
max
D /D ) + ABS ( A L /L ) + 0.449 ABS ( AD/D) + 0.109 ABS (A
t t h h
Cp /Cp ) + 0.109 ABS (A p /p ) + 0.449 ABS ( A k /k )
f f f f f f
(E . 2 2)
In a typical case, the following quantities were
measured and / or estimated from instrument specifications :
D = 2.6205 cm a d  = 0. 001 cm ( A D /D ) =  0.00038
t t t t
L = 9.825 cm A L  = 0. 001 cm ( A L /L ) =  0.00010
h h h h
m ■= 11.2345 gm A m  = 0. 08425 gm ( A m/m) = 0.0075
t = 3600 s > r+ it 90 s ( A t/t) = 0.025
The accuracy of equations listed in Appendix B determining
the values of k , Cp , D / P and C are used in Equation
f f f
E.21 to determine the the relative error.
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( A k /k ) = 0.025 ( AP /P ) = 0.015
f f f f
( a D/D) = 0.07 ( A Cp /Cp ) = 0.02
f f
( A C/C) = 0.04
Going back to Equation (E.21)
2 2 2 2 2 
RE = ( (0.0075) +(0.00038) +(0.0001) +(0.025) +(0.04) + 
h
2 2 2 2 0.5
0.449(0.025) +0.449(0.07) +0.109(0.015) +0.109(0.02) )
RE = 0.0697
h
And From Equation (E.22)
E = 0.1194
max
The relative error in our measurements is therefore
6.97 percent, and the maximum error is 11.9 percent.
Therefore, the h values can be expected to be in error
wcv
by less than 12 percent.
APPENDIX F
TABLE 16
HEAT TRANSFER DATA FOR THE NARROWLY DISTRIBUTED PARTICLE
SIZE MIXTURES EXPERIMENTS
Run d U Q T T h
P s b w
No. mm m/s W K K
2
W/m K
1 0.237 0.108 12.00 337.31 333.87 419.0
2 0.532 11.65 341.75 338.14 386.9
3 0.750 11.69 341.14 337.45 379.5
4 0.896 11.69 340.24 336.58 383.7
5 0.667 11.65 337.55 333.80 373.2
6 0.391 11.78 340.35 336.70 388.3
7 0.309 12.04 338.74 335.12 400.0
8 0.233 11.99 337.50 334.02 414.8
9 0.545 0.890 11.22 343.66 338.80 277.2
10 0.797 11.27 343.40 338.52 277.5
11 0.635 11.27 341.44 336.43 269.9
12 0.547 11.27 340.12 335.20 275.0
13 0.462 11.27 339.53 334.80 286.1
14 0.373 11.27 341.18 336.55 292.4
15 0.219 11.32 343.07 338.79 317.4
16 0.129 11.66 359.97 334.83 56.1
17 0.896 0.707 11.52 342.55 336.91 245.3
18 0.880 13.13 345.2 338.72 243.5
19 0.981 14.90 334.79 337.5 245.2
20 1.056 15.00 342.70 335.38 246.3
21 0.618 11.68 340.33 334.41 237.1
22 0.534 11.67 343.42 337.08 220.9
23 0.305 10.52 358.05 332.58 49.6
24 0.500 10.52 343.41 333.07 122.1
25 0.605 11.54 340.83 335.11 242.2
26 0.389 10.92 357.33 339.44 73.3
27 1.350 0.916 11.36 347.46 339.52 171.9
28 0.804 11.33 347.70 337.51 133.5
29 0.987 11.33 346.51 339.09 183.6
30 0.788 11.33 349.94 335.94 97.2
31 0.844 11.33 343.62 334.98 157.5
32 0.485 11.52 354.23 335.20 72.6
33 0.369 11.52 360.36 335.95 56.6
34 0.584 11.52 350.31 334.30 86.4
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TABLE 17
HEAT TRANSFER DATA FOR THE WIDELY DISTRIBUTED PARTICLE
SIZE MIXTURES EXPERIMENTS
Run d U Q T T h
P s b w
No. mm m/s W K K
2
W/m K
59 1.170 0.805 11.09 343.31 335.77 176.9
60 0.739 11.12 346.05 336.83 144.8
61 0.884 11.09 342.02 335.02 190.4
62 0.938 11.09 341.08 334.08 190.3
63 0.896 0.976 11.28 342.58 336.84 236.0
64 0.896 11.44 342.98 337.18 236.9
65 0.806 11.44 343.87 337.95 232.5
66 0.694 11.44 342.44 336.50 231.7
67 0.655 11.44 339.68 333.75 231.4
68 0.786 0.537 12.02 346.33 339.56 213.3
69 0.856 12.02 339.29 333.03 230.4
70 0.760 12.02 340.27 334.31 242.3
71 0.660 12.02 342.5 336.63 246.1
72 0.970 14.90 344.79 337.5 245.3
73 0.700 0.891 11.74 340.12 334.15 235.9
74 0.753 11.73 344.14 338.44 247.1
75 0.611 11.71 342.79 334.52 256.2
76 0.555 11.72 340.53 334.06 217.6
77 0.606 11.72 339.75 334.32 258.8
78 0.545 0.928 11.70 338.75 333.66 275.2
79 0.831 11.70 342.16 337.27 287.5
80 0.663 11.70 338.77 333.75 279.5
81 0.579 11.70 339.35 334.41 284.7
82 0.492 11.70 340.16 335.44 297.4
TABLE 18
MASS TRANSFER DATA FOR THE NARROWLY DISTRIBUTED PARTICLE SIZE MIXTURES
EXPERIMENTS
Run d U Surface areai T T M (*) K h
P s b wcv
of Sample
No. mm m/s
2
m K K grams/h m/s
2
W/m K
35 0.237 0.858 8.16E-03 334.85 334.93 8.2358 2.214E-02 59.99
36 0.690 8.19E-03 332.47 332.54 6.1868 1.977E-02 53.84
37 0.532 7.64E-03 332.64 332.69 5.2376 1.775E-02 48.31
38 0.293 8.20E-03 334.11 334.15 4.2487 1.196E-02 32.45
39 0.138 7.68E-03 330.72 332.79 2.4658 9.603E-03 26.25
40 0.545 0.840 8.16E-03 334.50 334.54 8.8121 2.431E-02 66.09
41 0.553 8.18E-03 333.20 333.24 5.4279 1.635E-02 44.45
42 0.703 8.21E-03 333.46 333.50 7.5176 2.217E-02 60.39
43 0.366 8.15E-03 332.94 333.98 4.7306 1.458E-02 40.09
44 0.202 8.12E-03 328.33 328.37 2.7524 1.213E-02 33.68
45 0.102 8.18E-03 326.93 328.38 2.0536 9.491E-03 26.38
46 0.896 0.917 8.17E-03 334.62 334.68 9.9836 2.778E-02 76.11
47 0.629 8.17E-03 333.67 333.71 7.9015 2.329E-02 63.92
48 0.732 8.14E-03 334.26 334.29 8.5701 2.423E-02 66.42
49 0.850 8.21E-03 333.88 333.89 8.6520 2.492E-02 68.37
50 0.584 7.61E-03 334.86 334.89 7.3056 2.104E-02 57.58
51 0.435 8.18E-03 334.63 334.64 5.7673 1.872E-02 51.54
52 0.333 8.16E-03 334.27 334.29 4.8475 1.295E-02 35.46
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TABLE 18 (continued)
Run d U Surface area T T M (*) K h
P s b wcv
of Sample
2 2
No. mm m/s m K K grams/h m/s W/m K
53 1.350 0.875 8.24E-03 333.76 334.17 11.6125 3.310E-02 90.34
54 0.971 8.17E-03 333.55 333.57 12.2045 3.597E-02 98.50
55 0.778 8.17E-03 333.72 334.50 10.6456 3.030E-02 82.90
56 0.461 8.15E-03 332.33 334.18 6.9786 2.119E-02 57.42
57 0.608 8.19E-03 332.47 332.51 8.4610 2.700E-02 74.28
58 0.869 8.17E-03 333.11 333.95 11.9776 3.559E-02 96.98
(*) values obtained after subtracting the unsteady state 
weight loss
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TABLE 19
MASS
Run
No.
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100 
101 
102
TRANSFER DATA FOR THE WIDELY DISTRIBUTED PARTICLE SIZE MIXTURES
EXPERIMENTS
d U Surface area. T T M (*) K h
P s b wcv
of Sample
mm m/s
2
m K K grams/h m/s
2
W/m K
1.170 1.051 8.14E-03 333.05 333.10 11.2930 3.473E-02 94.41
0.955 8.14E-03 332.72 332.78 10.4489 3.316E-02 90.20
0.880 8.12E-03 333.61 333.65 10.7635 3.186E-02 86.50
0.770 8.12E-03 334.11 334.15 9.7900 2.792E-02 75.70
0.896 0.942 8.20E-03 333.62 333.65 11.3450 3.321E-02 90.68
0.759 8.21E-03 335.04 335.09 10.0458 2.651E-02 72.33
0.888 8.13E-03 333.05 333.05 9.6534 2.983E-02 81.10
1.056 8.14E-03 333.08 333.12 11.1931 3.442E-02 93.57
0.559 8.18E-03 333.46 333.48 7.8585 2.349E-02 64.26
0.345 8.21E-03 333.60 333.65 7.9964 2.163E-02 59.03
0.786 0.893 8.14E-03 332.55 333.54 8.9509 2.857E-02 77.75
0.699 8.12E-03 333.11 333.13 7.9321 2.454E-02 66.72
0.642 8.15E-03 333.72 333.76 8.2901 2.449E-02 66.49
0.534 8.17E-03 334.11 334.11 7.2301 2.056E-02 55.78
0.700 0.696 8.12E-03 332.88 332.91 7.8712 2.451E-02 66.66
0.607 8.10E-03 333.00 333.30 7.4410 2.301E-02 66.56
0.542 8.16E-03 332.55 332.62 6.8324 2.192E-02 59.66
0.909 8.18E-03 333.05 333.09 8.5023 2.613E-02 71.03
0.699 8.12E-03 333.04 333.12 7.8830 2.439E-02 66.30
0.608 8.18E-03 333.09 333.13 7.6542 2.357E-02 64.08
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TABLE 19 (continued)
Run d U Surface area T T M (*) K h
P s b wcv
of Sample
2 2
No. mm m/s m K K grams/h m/s W/m K
103 0.545 0.586 8.20E-03 333.15 333.18 6.8545 2.079E-02 56.50
104 0.918 8.06E-03 333.57 333.60 8.7186 2.656E-02 72.14
105 0.865 8.14E-03 331.88 331.93 7.4293 2.503E-02 68.22
106 0.726 8.17E-03 332.55 332.62 6.9985 2.244E-02 61.09
107 0.467 8.19E-03 333.09 333.14 6.2478 1.914E-02 52.03
(*) values obtained after subtracting the unsteady state
weight loss
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APPENDIX G
NOMENCLATURE
a : thermal diffusivity of gas, = k /p Cp ,
f f f
dimensionless
2
A : cross section area of the bed, m
b
2
A : surface area of a smooth tube, m
t
3 2
Ar : Archimedes number, = g d  p (p — p )/ m u ,
p f s f
dimensionless
B : time fraction that the tube is in contact with
bubbles, dimensionless
C : concentration of naphthalene in the bulk, gmmmole
/litre
*
C : concentration of naphthalene in the free stream,
gmmole/litre
Cp : effective heat capacity of the packet, kJ/kg K
emf
Cp : specific heat of the fluidizing gas at constant
f
pressure, kJ/kg K
Cp : specific heat of solid particles at constant
s
pressure, kJ/kg K
C : constant, = 4 d / U t, dimensionless
k P P
Cr : factor to allow for the effect of nonaxial- tube
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CT
delta
d
P
d
Pi
D
D
b
D
be
location, dimensionless
: correction factor for the tube diameter, Equation 
(25a), dimensionless
: bubble fraction in the bed, dimensionless
: average particle diameter, = 1/ (x/d ) , m
P i
: arithmetic average diameter of the successive 
screens, m
2
: mass diffusivity, m /s
: bed diameter, m
: diameter of sphere having the same volume as 
bubble, m
D
bm
D
bo
D
t
e
e
mf
e
bed
: maximum bubble diameter due to the total
coalescence of bubbles, m 
: initial bubble diameter at the distributor
plate ,m
: outside diameter of a smooth tube, m 
: bulk bed porosity, dimensionless
: void fraction at minimum fluidizing conditions, 
dimensionless
: effective emissivity of the bed, dimensionless
P
e particle emissivity, dimensionless
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e : heat transfer surface emissivity, dimensionless
s
e : bed porosity in the vicinity of the immersed
w
tube, dimensionless
e : bed porosity in the vicinity of the immersed tube
wmf
at minimum fluidizing velocity, dimensionless
E : void fraction, = 1- U / (U— U + U ),
b b mf b
dimensionless
2
g : acceleration due to gravity, m/s
2
G : superficial mass fluidizing velocity, kg/m s
h : overall heat transfer coefficient for a smooth
w
2
tube, W/m K
h : conductive component of the heat transfer
wc
2
coefficient, W/m K
h : gas convective component of the heat transfer
wcv
2
coefficient, W/m K
h : instantaneous local heat transfer coefficient,
wil
2
W/m K
h : time averaged local heat transfer coefficient,
wl
2
W/m K
h : maximum heat transfer coefficient for a tube,
wmax
2
W/m K
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h
wr
H
b
k
e
k
emf
k
f
k
s
K
1
L
f
L
mf
L
h
m
mu
M
M
n
n
d
: radiative component of the heat transfer
2
coefficient, W/m K
: elevation of bubble above the distributor plate, m 
: effective thermal conductivity of gas with no gas 
flow, W/m K
: effective thermal conductivity of emulsion phase, 
W/m K
: thermal conductivity of gas, W/m K 
: thermal conductivity of the solids, W/m K 
: mass transfer coefficient, m/s
: characterstic dimension and is equal to the 
smaller of the vertical dimension of the tube and 
bubble length, m 
: expanded bed height, m
: bed height at minimum fluidization, m
: length of heat or mass transfer tube, m
: power in Equation (A.3a), dimensionless 
: viscosity of fluidizing gas, kg/m s 
: parameter in Equation (10a), dimensionless 
: rate of sublimation of naphthalene, gms/hr 
: power in Equation (A.3a), dimensionless 
: number of orifices on the distributor plate,
dimensionless
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r
Nu : Nusselt number
Nu
max
: maximum Nusselt number for brief contact time, =
4 ((1+ 2o/ d ) In ( 1+ d /2o) - 1), dimensionless 
P P
Nu
wp
: Nusselt number based on the particle diameter, =
h d /k , dimensionless 
w p f
Nu
wpc
: particle convetive coponent of the Nusselt number
based on the particle diameter, = h d /k ,
wc p f
Nu
wcvp
dimensionless
: gas convective component of the Nussselt number
based on the particle diameter, = h d / k ,
wcv p f
dimensionless
Nu
wpmax
: maximum value of the Nusselt number based on
particle diameter, = h d / k , dimensionless
wmax p f
o : modified mean free path of a gas molecule, = 2q 
(2/y - 1), m
Pi : constant, = 3.1416, dimensionless
P
emf
3
: effective density of the packet, kg/ m
3
P
f
: fluidizing gas density, kg/m
phi(t) : frequency of occurence of packet of age t, 1/s
3
P
s
: density of solid particles, kg/m
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P : total pressure, psia
P : vapor pressure of naphthalene at surface
v
temperature, mm. of Hg
Pr : Prandtl number, = mu/Cp p , dimensionless
f f
q : mean free path of a gas molecule, m
Q : power supplied to the heater, W
3
R : gas constant, = 10.73, psia lbmole/ft R
Re : Reynold number, dimensionless
R : radial location of vertical tube, m
b
Re : Reynolds number based on the particle diameter at
mf
minimum fluidizing velocity, = U p d /mu,
mf f p
dimensionless
Re : Reynolds number based on tube diameter at minimum
tmf
fluidizing velocity, = U D p /mu,
mf t f
dimensionless
Sc : Schmidt number, = mu/ p D, 
f
dimensionless
Sh : Sherwood number, = h L / D, dimensionless
wcv h
t : particle residence time, s
T : bed temperature, K
b
T : surface temperature, K
s
T : outside tube wall temperature, K
w
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U
U
b
U
mf
U
opt
U
P
x
i
y
: superficial gas fluidizing velocity, m/s 
: bubble velocity, m/s
: minimum fluoidizing velocity, m/s
: superficial fluidizing velocity at which maximum
value of h occurs, m/s 
w
: particle velocity, m/s
: weight fraction of particles in a specific size 
range, dimensionless
: accomodation coefficient, dimensionless
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